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ABSTRACT 
Dinitrogen cleavage by Mo(N[t-Bu]Ar)3 (Ar = 3,5-C6H3Me2) proceeds through the intermediate  
(μ-N2)[Mo(N[t-Bu]Ar)3]2 before forming N≡Mo(N[t-Bu]Ar)3 as the product. Both the intermediate 
bridging N2 complex and the nitride product have been structurally characterized by single-crystal X-ray 
diffraction. The spectroscopic and structural features of this bridging N2 complex are discussed in 
comparison to its one- and two-electron oxidized congeners, [(μ-N2)[Mo(N[t-Bu]Ar)3]2]n+, n = 1, 2. This 
series of three complexes share a common chromophore, the nature of which was identified with the aid 
of time-dependent density functional theory. A photochemical reaction of (μ-N2)[Mo(N[t-Bu]Ar)3]2 that 
forms both Mo(N[t-Bu]Ar)3 and N≡Mo(N[t-Bu]Ar)3 is described. The dynamics of this photochemical 
reaction are explored by ultrafast transient absorbance spectroscopy.  
 
A synthetic scheme for nitrogen fixation in the form of organic nitriles is initiated from the product of 
dinitrogen cleavage, N≡Mo(N[t-Bu]Ar)3. This synthetic scheme is a closed cycle that returns the 
molybdenum nitride starting material at the conclusion of the cycle. To achieve this synthetic goal, new 
methods were developed to form C–N bonds between organic electrophiles and the weakly nucleophilic 
terminal nitride. In a key reaction, Mo(IV) ketimide complexes, R’O(R)CNMo(N[t-Bu]Ar)3, were shown 
to react with either SnCl2 or ZnCl2 to afford the corresponding nitrile, RCN, and a ClMo(N[t-Bu]Ar)3 in 
essentially quantitative yields. The chloromolybdenum complex may be reductively recycled to yield 
Mo(N[t-Bu]Ar)3 for subsequent dinitrogen cleavage.  
 
A series of cationic diazoalkane complexes [4-RC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], R = NMe2, Me, 
H, Br, CN, have been prepared by treatment of the N2-derived diazenido complex Me3SiNNMo(N[t-
Bu]Ar)3 with 4-RC6H4CHO and 2 equiv AlCl3. The physical properties of these complexes were 
determined by the use of X-ray crystallography, cyclic voltammetry, infrared, Raman, UV-vis, and 15N 
NMR spectroscopies. Electrochemical reduction of these cationic diazoalkane complexes forms the C–C 
bonded dimer, μ-(4-RC6H4C(H)NN)2[Mo(N[t-Bu]Ar)3]2, in a reaction that is proposed to proceed through 
the neutral, odd-electron complex 4-RC6H4C(H)NNMo(N[t-Bu]Ar)3. The structure of this odd-electron 
compound is described with the aid of density functional theory. The central C–C bond in 
μ-(4-RC6H4C(H)NN)2[Mo(N[t-Bu]Ar)3]2 is redox non-innocent, and oxidation of these compounds 
returns the cationic diazoalkane complex from which they were prepared.  
 
Thesis Supervisor: Christopher C. Cummins 
Title: Professor of Chemistry 
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Ar 3,5-dimethylphenyl 
ArF 3,5-bis(trifluoromethyl)phenyl 
°C degrees Celsius 
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EXAFS extended X-ray absorption fine-structure spectroscopy 
f oscillator strength 
FT-IR Fourier-transform infrared 
g Landé gyromagnetic ratio 
HOMO highest occupied molecular orbital 
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HMDS hexamethyldisilazide 
J coupling constant 
K degrees Kelvin 
LUMO lowest unoccupied molecular orbital 
Mes mesityl 
mmol millimoles 
MOM methoxymethyl 
NMR nuclear magnetic resonance 
OTTLE optically-transparent thin layer electrode 
py pyridine 
SQUID super-conducting quantum interference device 
TA transient absorbance 
t-Bu tertiary butyl 
TDDFT time-dependent density functional theory 
Tf trifluoromethanesulfonyl 
THF tetrahydrofuran 
TIP temperature-independent paramagnetism 
TIPS triisopropylsilyl 
UV-vis ultraviolet-visible 
ZFS zero-field splitting 
  
δ chemical shift 
ε extinction coefficient 
λ wavelength 
μ denotes a ligand that bridges two metal centers 
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Preface 
The Nitrogen Problem 
Nitrogen is among the elements essential for life on Earth, and is one of the most abundant elements in 
biological organisms. This element is found in the essential building blocks of life, nucleotides and amino 
acids, alongside carbon, hydrogen and oxygen. In contrast to these elements, nitrogen in biologically 
usable forms is the scarcest with regard to Nature’s appetite for it.1 A limiting supply of nitrogen-
containing nutrients is the most common impediment to plant growth, including crops that are grown for 
human consumption.2 Nitrogen is limiting only because less than 0.5% of the world’s supply exists in 
forms that are metabolically available to most organisms.1 The largest reserves of nitrogen exist in the 
form of dinitrogen, N2, composing 78% of the Earth’s atmosphere by volume; however, this feedstock is 
difficult to utilize because the strength of the N≡N triple bond (De = 225.96 kcal/mol) renders this 
molecule inert.3 The contrast between the sheer abundance of nitrogen and its scarcity in biological 
ecosystems was recognized early in the 20th century; Keeble coined this dichotomy “the nitrogen 
problem”.4 
A great deal of energy has been expended optimizing methods to convert N2 into chemically useful 
forms of nitrogen. The Haber-Bosch process which forms NH3 from N2 and H2, is the most well-studied 
and currently the most widespread process for nitrogen fixation.5-7 The success of the Haber-Bosch 
process is largely due to the economic feasibility of fixing large quantities of N2. Accordingly, the ability 
to mix gas phase reactants in flow reactors contributed to the successful displacement of the previously 
popular cyanamide, process which required solid-state methods to provide the following transformation: 
CaC2 + N2 → C + CaNCN.8 Today, an impressive 98 million tons of N2 is fixed by the Haber-Bosch 
process each year, constituting nearly one-third of fixed N2 on a per-annum basis.9 The capacity of this 
process to provide these large amounts of biologically-available nitrogen has been essential to fulfilling 
the agricultural needs of industrialized countries. The other two major sources of fixed N2 are the marine 
and terrestrial biospheres, contributing 120 million tons and 105 million tons per year.  
Research in the area of N2 fixation remains active, and several chemical systems have been developed 
for the conversion of N2 to NH3. One such system is trans-(N2)2Mo(PMe2Ph)4, which produces NH3 upon 
17 
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treatment with a strong acid.10 This stoichiometric reaction inspired a catalytic synthesis of ammonia via 
the sequential addition of protons and electrons using N2Mo([(HIPT)NCH2CH2]3N), HIPT = 3,5-
C6H3(2,4,6-C6H2(i-Pr)3)2, wherein the formal oxidation state of Mo is different from the phosphine 
example.11,12 Bridging N2 complexes have also been important in the continuing story of N2 fixation.13 In 
2003, (μ-N2)[ZrCp’2]2, Cp’ = η5-C5HMe4, was shown to react with H2 to form NH3,14 drawing contrast to 
(μ-N2)[Zr(N2)Cp*2]2, Cp* = η5-C5Me5, which releases 1 equiv of hydrazine when treated with acid.15  
Scheme 1.a 
NO3
-
N N
NH3
NOHCN
N2H4
H2NOH
(H2N)2CO
NH4+ NO2
-
Haber-Bosch 
Process
NCN2-
Cyanamide Process
(H2NCN)3
CN-
a The chain of production for some commodity chemicals that contain nitrogen. Adapted from references 3 and 8. 
Ammonia serves as the industrial feedstock for a number of commodity chemicals that are ultimately 
used to manufacture higher-value products (Scheme 1).16 As a result, N2 that first has been converted into 
ammonia is again chemically modified before it is incorporated into the desired product, most commonly 
an organic compound. A more efficient synthesis of nitrogen-containing compounds would directly 
transfer nitrogen atoms from N2 into organic molecules without the intermediacy of ammonia.17-26 
Therefore, the development of new chemical methods that transfer N2 into organic molecules is attractive.  
Synthetic methods for nitrogen fixation described thus far have depended upon transition-metal, 
coordination complexes of N2. One reason for the popularity of this approach is that N2 complexes are far 
more common than those compounds that result from N2 cleavage.13 Conversely, a relatively large 
number of reactions have been found to undergo the reverse reaction: forming a strong N≡N bond via 
nitride coupling.27-31 Although reactions aimed at the delivery of two terminal nitrides via N2 cleavage 
have been targeted for some time,30-32 the first example was not discovered until 1995. At that time, 
Cummins and Laplaza reported that the three-coordinate molybdenum compound, Mo(N[t-Bu]Ar)3, 1, 
undergoes reaction with N2 to form 2 equiv of the corresponding nitride complex (Scheme 2).33 Discovery 
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of this unique reaction prompted two detailed mechanistic studies34,35 and a number of theoretical 
investigations.36-39 
Stored under an N2 atmosphere Mo(N[t-Bu]Ar)3, exists in equilibrium with 1-N2 in solution. The 
equilibrium between 1 and 1-N2 has been shown to be reversible at 20 °C by both trapping and 
electrochemical experiments.35 Consistent with this, only upon cooling does (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, 
form in appreciable quantities; presumably, the decrease in temperature both shifts the equilibrium toward 
1-N2 and lowers the activation barrier to the entropically unfavorable capping step. Intermediate 2 has 
been characterized by EXAFS and resonance Raman spectroscopy.34 However, beyond thermal N2 
cleavage, little has been said about its reactivity. The zig-zag transition state shown in the scheme was 
first proposed by Morokuma and coworkers and has become a common feature of descriptions of N2 
cleavage in this system.36 The N–N bond cleavage process that yields 2 equiv of 3 has been studied in 
great detail. The kinetics for this process are characterized by the activation parameters: ΔH‡ = 23.3(3) 
kcal/mol and ΔS‡ = 2.8(8) cal mol–1 K–1, as well as a 15/14N kinetic isotope effect of ca. 1.1.34 
The work in this volume explores several aspects of nitrogen fixation that make use of the known N2 
chemistry of Mo(N[t-Bu]Ar)3. The intermediate compound in N2-cleavage reaction, 2, is structurally 
characterized by single-crystal X-ray diffraction and compared with those compounds that result from the 
1e– and 2e– oxidation of 2. Additionally, a photochemical reaction of 2 is discussed. Particular emphasis 
upon the topic of nitrogen fixation is presented by the use of the terminal nitride, 3, as an N-atom source 
in the synthesis of organic nitriles. A final chapter describes the synthesis of diazoalkane ligands from 
coordinated N2 and the reductive coupling of these ligands.  
20 Preface
  
References 
1. White, T. C. R. The Inadequate Environment: Nitrogen and the Abundance of Animals; Springer-
Verlag: New York, 1993. 
2. Vance, C. P.; Graham, P. H.; Allan, D. L. Nitrogen Fixation: From Molecules to Crop Productivity 
Springer: Netherlands, 2000, p. 509–514. 
3. Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; second ed.; Butterworth-Heinemann: 
Oxford, 1997, p. 406–412. 
4. Keeble, F. Plant-Animals: A Study in Symbiosis; G. P. Putnam's Sons: New York, 1912, p. 142–157. 
5. Smith, B. E.; Richards, R. L.; Newton, W. E. Catalysts for Nitrogen Fixation; Kluwer Academic: 
Boston, 2004, p. 1–54. 
6. Haber, F. The Synthesis of Ammonia from Its Elements; Nobel Lecture: Stockholm, 1920. 
7. Bosch, C. The Development of the Chemical High Pressure Method During the Establishment of the 
New Ammonia Industry; Nobel Lecture: Stockholm, 1932. 
8. Kastens, M. L.; McBurney, W. G. Industrial & Engineering Chemistry 1951, 43, 1020–1033. 
9. Galloway, J. N.; Dentener, F. J.; Capone, D. G.; Boyer, E. W.; Howarth, R. W.; Seitzinger, S. P.; 
Asner, G. P.; Cleveland, C. C.; Green, P. A.; Holland, E. A.; Karl, D. M.; Michaels, A. F.; Porter, J. 
H.; Townsend, A. R.; Vörösmarty, C. J. Biogeochemistry 2004, 70, 153–226. 
10. Chatt, J. Phil. Trans. R. Soc. Lond. B. 1977, 281, 243–248. 
11. Yandulov, D. V.; Schrock, R. R. Science 2003, 301, 76–78. 
12. Schrock, R. R. Acc. Chem. Res. 2005, 38, 955–962. 
13. Fryzuk, M. D.; Johnson, S. A. Coord. Chem. Rev. 2000, 200, 379–409. 
14. Pool, J. A.; Lobkovsky, E.; Chirik, P. J. Nature 2004, 427, 527–530. 
15. Manriquez, J. M.; Bercaw, J. E. J. Am. Chem. Soc. 1974, 96, 6229–6230. 
16. Maxwell, G. R. Synthetic Nitrogen Products; Kluwer Academic/Plenum Publishers: New York, 2004. 
17. Hori, K.; Mori, M. J. Am. Chem. Soc. 1998, 120, 7651–7652. 
18. Hori, M.; Mori, M. J. Org. Chem 1995, 60, 1480–1481. 
19. Curley, J. J.; Sceats, E. L.; Cummins, C. C. J. Am. Chem. Soc. 2006, 128, 14036–14037. 
20. MacKay, B. A.; Munha, R. F.; Fryzuk, M. D. J. Am. Chem. Soc. 2006, 128, 9472–9483. 
21. Morello, L.; Love, J. B.; Patrick, B. O.; Fryzuk, M. D. J. Am. Chem. Soc. 2004, 126, 9480–9481. 
22. Fryzuk, M. D.; MacKay, B. A.; Patrick, B. O. J. Am. Chem. Soc. 2003, 125, 3234–3235. 
23. Fryzuk, M. D.; MacKay, B. A.; Johnson, S. A.; Patrick, B. O. Angew. Chem., Int. Ed. 2002, 41, 3709–
3712. 
24. Figueroa, J. S.; Piro, N. A.; Clough, C. R.; Cummins, C. C. J. Am. Chem. Soc. 2006, 128, 940–950. 
25. Hidai, M.; Mizobe, Y.; Sato, M.; Kodama, T.; Uchida, Y. J. Am. Chem. Soc. 1978, 100, 5740–5748. 
26. Hidai, M.; Ishii, Y. Bull. Chem. Soc. Jpn. 1996, 69, 819–831. 
27. Betley, T. A.; Peters, J. C. J. Am. Chem. Soc. 2004, 126, 6252–6254. 
28. Seymore, S. B.; Brown, S. N. Inorg. Chem. 2002, 41, 462–469. 
29. Seymore, S. B.; Brown, S. N. Inorg. Chem. 2006, 45, 9540–9550. 
30. Ware, D. C.; Taube, H. Inorg. Chem. 1991, 30, 4598–4605. 
31. Ware, D. C.; Taube, H. Inorg. Chem. 1991, 30, 4605–4610. 
32. Creutz, C.; Taube, H. Inorg. Chem. 1971, 10, 2664–2667. 
33. Laplaza, C. E.; Cummins, C. C. Science 1995, 268, 861–863. 
34. Laplaza, C. E.; Johnson, M. J. A.; Peters, J. C.; Odom, A. L.; Kim, E.; Cummins, C. C.; George, G. 
N.; Pickering, I. J. J. Am. Chem. Soc. 1996, 118, 8623–8638. 
35. Peters, J. C.; Cherry, J.-P. F.; Thomas, J. C.; Baraldo, L.; Mindiola, D. J.; Davis, W. M.; Cummins, C. 
C. J. Am. Chem. Soc. 1999, 121, 10053–10067. 
36. Cui, Q.; Musaev, D. G.; Svensson, M.; Sieber, S.; Morokuma, K. J. Am. Chem. Soc. 1995, 117, 
12366–12367. 
37. Neyman, K. M.; Nasluzov, V. A.; Hahn, J.; Landis, C. R.; Rosch, N. Organometallics 1997, 16, 995–
1000. 
The Nitrogen Problem 21
 
38. Hahn, J.; Landis, C. R.; Nasluzov, V. A.; Neyman, K. M.; Rosch, N. Inorg. Chem. 1997, 36, 3947–
3951. 
39. Christian, G.; Stranger, R.; Yates, B. F.; Graham, D. C. Dalton Trans. 2005, 962–968. 
 
 
 
 
Reproduced in part with permission from Curley, J. J.; Cook, T. R.; Reece, S. Y.; Müller, P.;  
Cummins, C. C. J. Am. Chem. Soc. 2008, 130, 9394-9405. © 2008 American Chemical Society. 
 
23 
Chapter One 
Structural Features and Redox Chemistry of  
(μ-N2)[Mo(N[t-Bu]Ar)3]2 
 
     
The intermediate in dinitrogen cleavage by Mo(N[t-Bu]Ar)3, 1 (Ar = 3,5-C6H3Me2), has been 
characterized by a pair of single-crystal X-ray structures. In this chapter, the X-ray crystal 
structure of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, and the product of N–N bond cleavage,  
N≡Mo(N[t-Bu]Ar)3, 3, are described. The structural features of 2 are compared with previously 
reported EXAFS data. Moreover, contrasts are drawn between theoretical predictions 
concerning the structural and magnetic properties of 2 and the experimental facts. In particular, 
it is shown that 2 exists as a triplet (S = 1) at 20 °C. Further insight into the bonding across the 
MoNNMo core of the molecule is obtained by the synthesis and structural characterization of the 
one- and two-electron oxidized congeners, (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4], 2[B(ArF)4] (ArF = 3,5-
C6H3(CF3)2) and (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2. Bonding in these three molecules 
is discussed in view of X-ray crystallography, Raman spectroscopy, electronic absorption 
spectroscopy, and density functional theory. Combining X-ray crystallography data with Raman 
spectroscopy studies allows the N–N bond polarization energy and N–N internuclear distance to 
be correlated across the MoNNMo core in three states of charge. For 2[B(ArF)4], bonding is 
symmetric about the μ-N2 ligand, and the N–N polarization is Raman active; therefore, 2[B(ArF)4] 
meets the criteria of a Robin-Day class III mixed-valent compound. The redox couples that 
interrelate 2, 2+, and 22+ are studied by cyclic voltammetry and spectroelectrochemistry.  
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Introduction 
An outstanding goal in synthetic chemistry is the use of N2 as a synthon for nitrogen-containing 
functional groups in organic molecules.1-5 In this regard, several procedures have been developed to 
transfer a nitrogen atom from an N2-derived metal nitride to an organic functional group.6-9 Limiting the 
development of new nitrogen transfer reactions is the small number of well-defined, transition-metal 
reagents that bind N2, form a μ-N2 complex, and subsequently cleave the N–N bond to form 2 equiv of a 
terminal nitride.10,11 While it is true that a large number of linear, bimetallic μ-N2 complexes have been 
isolated and structurally characterized,7,12-25 these complexes typically require harsh conditions to promote 
reactions that productively use the N2 fragment.15 This situation is unfortunate because linear μ-N2 
complexes store N2 in a reduced form, and therefore should be susceptible to productive chemistry of the 
N2 fragment.1,2 In contrast to linear μ-N2 complexes, bimetallic complexes that contain a side-bound μ-N2 
ligand show enhanced reactivity,26 and engage in productive reactions to liberate NH3,27 or to form Si–
N28,29 or C–N bonds.30-32 Additionally, a tantalum compound featuring a side-on, end-on coordination 
mode of the μ-N2 ligand participates in hydrosilylation and hydroborylation reactions, making either a Si–
N33,34 or a B–N35,36 bond while cleaving the N–N bond. Related reactions initiated from linear μ-N2 
complexes may result from a more detailed understanding of the electronic structure of these complexes. 
Scheme 1. 
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Three-coordinate molybdenum trisanilide, Mo(N[t-Bu]Ar)3, 1 (Ar = 3,5-C6H3Me2), has been important 
in defining thermal 6e– reduction chemistry of N2 by cleavage of the N–N triple bond.7,10,11,17 Dinitrogen 
is bound by 2 equiv of Mo(N[t-Bu]Ar)3 to form the thermally unstable intermediate,  
(μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, which undergoes homolytic fragmentation of the N–N bond to form 2 equiv 
of N≡Mo(N[t-Bu]Ar)3, 3 (Scheme 1). Although several well-defined metal reagents will cleave the N–N 
bond of N2 to produce either terminal or bridging nitride products,10,11,37-42 the case for 1 remains 
exceptional in that the metal fragment that binds N2, 1, and the dinitrogen complex intermediate, 2, en 
route to nitride formation can be isolated and studied. These criteria make 2 an ideal candidate for 
investigating homolytic fragmentation of the N–N bond uncomplicated by other processes. As a result, 
Structural Features and Redox Chemistry of (μ-N2)[Mo(N[t-Bu]Ar)3]2 25
 
this reaction sequence has been the topic of numerous mechanistic10,16,43 and theoretical investigations.44-51 
In particular, the molecular structure and dynamics of 2 have been the subject of much speculation.  
In this work, two X-ray crystal structures of 2 have been solved to address detailed structural aspects 
of this key intermediate in thermal N2 cleavage. A protocol was developed for isolating 2 as a pure 
material, and with 2 in hand, its reaction chemistry has been studied. Oxidation of 2 by either 1e– or 2e– 
gives isolable products, both of which have been structurally characterized. Comparison between these 
oxidation products and 2 offers insight into bonding within the MoNNMo core.  
Results and Discussion  
Structure and Magnetism of 2. Previous EXAFS (extended X-ray absorption fine structure) studies 
demonstrated that 2 adopts a conformation wherein the six tert-butyl groups are directed inwards, toward 
the linear MoNNMo core, and the six aryl rings are extended away from the center of the molecule. This 
structural model for 2 has been investigated by a number of computational studies that also explored those 
conformers that arise from the rotation of one or more anilide ligands about the Mo–N bonds. One such 
investigation showed that rotation of a single anilide ligand by 180° away from the structure described is 
energetically uphill.50 By further exploring the effects of anilide-ligand rotation, a recent theoretical study 
predicted a stable minimum for a diamagnetic conformer in which two opposing anilide ligands are 
rotated by approximately 90°.45-48 Moreover, such a quasi-C2h structure was predicted to be lower in 
energy than the trigonal arrangement in which all tert-butyl groups are directed inwards toward the center 
of the molecule. In addition to a 90° rotation of two anilide ligands, this conformation was found to 
possess a trans-bent MoNNMo core. The calculated bond angles around the μ-N2 ligand (Mo–N–N) were 
175° or 164° for 2 and a model complex, respectively. Interestingly, such a geometry deviates from the 
linear MoNNMo core that is found for related, structurally characterized μ-N2 compounds of 
molybdenum,38,52,53 but recalls the zig-zag transition state structure for the N2 cleavage reaction shown in 
Scheme 1.10,44  
Mo1
N3
N1
N2
N4
 
Figure 1. The molecular structure of 2 is shown with thermal displacement ellipsoids at the 50% probability level. 
Hydrogen atoms have been omitted for clarity. Crystal parameters are P2/n: a = 19.3 Å, b = 11.5 Å, c = 21.1 Å, β = 
99.2°, and a crystallographically imposed twofold axis relates the two halves of the molecule. The crystal was grown 
from a mixture of HMDSO and MeCy in the presence of MesCN.  
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Table 1. Comparison of internuclear distances (Å) for [(μ-N2)[Mo(N[t-Bu]Ar)3]2]n+ (n = 0, 1, 2) 
 Compound 2 2 2[B(ArF)4] 2[B(ArF)4]2  
 Space Group P2/n P21/n P21/n P21/n  
 N–N 1.212(2) 1.217(2) 1.239(4) 1.265(5)  
 Mo–N 1.868(1) 1.870(2) 1.872(2) 
1.835(3) 
1.841(3) 1.798(2) 
 
 Mo–Mo 4.9476(5) 4.958(2) 4.9151(6) 4.8599(5)  
 Mo–N[t-Bu]Ar 
(avg.) 1.985(2) 1.986(2) 1.956(3) 1.931(3) 
 
 
Figure 2. A packing diagram for the structure of 2 set in P2/n shows both 2 and HMDSO in the unit cell. 
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Figure 3. A second molecular structure obtained for 2 is shown with thermal displacement ellipsoids at the 50% 
probability level. Hydrogen atoms have been omitted for clarity. Crystal parameters are P21/n: a = 20.7 Å, b = 11.3 
Å, c = 31.3 Å, β = 99.9°. The crystal was grown from a mixture of n-pentane and HMDSO. 
To obtain more detailed structural data for 2 than in the prior EXAFS study, single crystals of 2 were 
grown for X-ray diffraction. When solutions of 1 in a mixture of MesCN/MeCy/HMDSO were stored 
under an atmosphere of N2 at –35 °C, we obtained purple crystals of 2 suitable for X-ray diffraction 
(Figure 1). In the crystal structure, 2 equiv of HMDSO pack with each equiv of 2 (Figure 2). The six 
anilide ligands are arranged with the tert-butyl groups directed toward the center of the molecule that 
features a linear MoNNMo core: Mo–N–N, 179.87(14)°. Three anilide ligands are arranged in a trigonal 
conformation around each Mo center, with the three aryl substituents forming a C3 propeller. The 
crystallographic C2 axis bisects the MoNNMo core, requiring the two C3 propellers to turn with the same 
chirality. The metrical parameters obtained via single-crystal X-ray diffraction (Table 1) are in close 
agreement with previously obtained EXAFS data for frozen solutions of 2. The EXAFS data indicated a 
linear MoNNMo core defined by a Mo–Mo separation of 4.94 Å and N–N internuclear distance of 1.19(2) 
Å.10  
We found that 2 could also be crystallized from solutions of 1 in n-pentane/HMDSO when stored 
under N2 at –35 °C (Figure 3). The X-ray structure obtained using crystals so obtained indicated that n-
pentane was incorporated into the crystal packing. This second molecular structure of 2 has a pseudo-C2 
axis, although no crystallographically imposed symmetry element bisects the molecule; each atom is 
crystallographically independent. Comparison of the two X-ray crystal structures reveals no significant 
differences in the molecular structure of 2 (Table 1).  
Computational studies predicted that 2 exists as a triplet (S = 1) at 20 °C when the anilide ligands 
adopt the observed, trigonal arrangement.44-46,49,50 These predictions agree with the previous experimental 
observation that (μ-N2)[Mo(N[t-Bu]Ph)3]2 exists as a triplet (S = 1) at 20 °C.10 However, the proposal that 
2 and (μ-N2)[Mo(N[t-Bu]Ph)3]2 should exhibit similar magnetic properties was recently challenged.45 It 
was predicted that the bulky Ar groups of 2 force a pair of opposing anilides to rotate approximately 90° 
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Figure 4. SQUID magnetometry shows the dependence of the magnetic moment of 2 upon temperature at an 
applied field of 0.5 T. These susceptibility data were fit using two distinct magnetic models: a spin Hamiltonian for 
an S = 1 state with g = 1.69 and D = 42 cm–1 (solid blue), and a Bleaney-Bowers model with g = 1.98 and 2J = –15.6 
cm–1 (dashed red). Contributions made by temperature-independent paramagnetism were subtracted.  
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Figure 5. Variable-field–variable-temperature molar magnetization data for 2. Magnetization data were fit to a spin 
Hamiltonian for an S = 1 state with g = 1.69 and D = 42 cm–1 (solid blue), and to the Bleaney-Bowers model with g 
= 1.95 and 2J = –15.5 cm–1 (dashed red). Contributions made by temperature-independent paramagnetism were 
subtracted. N is Avogadro’s number, β is the Bohr magneton, and k is Boltzmann’s constant.  
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away from the observed structure, and that this ligand rotation coincides with a change in the magnetic 
ground state. The resulting change in the calculated singlet-triplet gap was dramatic: 1922 cm–1 for 2 
compared to 585 cm–1 for (μ-N2)[Mo(N[t-Bu]Ph)3]2.45 To test this startling prediction, magnetic studies 
now have been carried out on 2.  
To experimentally address the magnetism of 2, the variable-temperature bulk magnetism of 2 was 
measured by SQUID magnetometry.54 A plot of μeff vs. T plateaus at a maximum value of μeff = 2.40 μB 
(Figure 4). This value is lower than the expected spin-only value of 2.83 μB corresponding to a triplet  
(S = 1) spin system.55-57 Moreover, the magnetic moment rapidly declines when the temperature is 
reduced below 50 K. To further interrogate this magnetic behavior at low temperatures, magnetic data 
were acquired on a single sample at three fields (0.5, 2.5, and 5.0 T) over a temperature range of 0–250 K. 
The plot of molar magnetization (M) vs. βB/kT reached a different maximum value for each field strength 
(Figure 5). This finding demonstrated that the decline of the magnetic moment at low temperatures is due 
to sizable zero-field splitting of a triplet ground state.58  
The variable-temperature magnetic susceptibility data were fit to both the Bleaney-Bowers equation 
and an S = 1 spin Hamiltonian using the julX software package (Figure 3).59 Only the S = 1 model 
successfully accounts for the field-dependence of the molar magnetization, therefore, confirming that 2 is 
a ground state triplet. Using this magnetic model, we found a zero-field splitting parameter, D = 42 cm–1, 
and the gyromagnetic ratio, g = 1.69. The positive sign of the zero-field splitting parameter, D, indicates 
that the ms = 0 level of the triplet state lies lower in energy than the ms = –1, 1 levels. At low temperatures 
and low magnetic fields, the ms = –1, 1 levels are depopulated, and the magnetization is correspondingly 
decreased. The g value of 1.69 is lower than the free electron value, reflecting the axial anisotropy that is 
suggested by the value of D.60 Moreover, the value obtained for g predicts a maximum spin-only 
magnetic moment of 2.39 μB (via μeff = g × (S(S+1))1/2), which agrees well with the observed value near 
300 K. Therefore, we conclude that 2 has an isolated triplet (S = 1) ground state that is best described by a 
42 cm–1 separation between the low-lying ms = 0 and degenerate ms = –1, 1 levels in the absence of an 
applied field. 
The fit of our magnetic data to an S = 1 spin Hamiltonian suggests a magnetic axial anisotropy that is 
not readily explained by the coupling of two d1 Mo centers through a linear, μ-N2 bridge. As a result, 
other magnetic models were considered. One alternative model has recently been proposed by Holland 
and Münck, and applied as a magnetic model for (µ-N2)[Fe(β-diketiminate)]2.61 These coworkers 
proposed that α and β electrons are asymmetrically shared across the FeNNFe core. This magnetic model 
formally places more β spin-density on an N22– bridge, while the α spin-density is primarily localized on 
the two metal centers. The result is a three-spin magnetic model, in contrast to the two-spin model that 
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would arise from two metal centers indirectly coupled through an innocent bridge.62 Application of the 
Holland/Münck magnetic model to 2 results in the coupling of two d2, Mo4+ ions through an N22– bridge. 
Thereby, interaction between the two S = 1, Mo4+ and the S = –1, N22– local magnetic sites results in the 
net S = 1 spin-state found for 2. Furthermore, anisotropic exchange between the two Mo4+ ions and the 
neighboring N22– bridge provides a mechanism for the large axial anisotropy present in 2.60 The Mo4+ 
oxidation state was previously suggested by near-edge X-ray absorption spectroscopy data acquired on 
2.10 A magnetic model that complements this data is attractive as it presents a unified description of the 
electronic structure of this molecule. 
Mechanism of Thermal N–N Bond Cleavage. A zig-zag transition state structure, 2‡, has been proposed 
as part of a mechanism for the required transit between the triplet and singlet electronic surfaces that 
relate 2 and 2 equiv of 3 (Scheme 1).10,44,49,63,64 This transition-state model is a common feature among 
theoretical analyses of thermal N–N bond cleavage by 2. Additionally, analogous zig-zag structures have 
been proposed for the dimerization of two terminal nitrides to form a μ-N2 complex.24,65-68 For these 
reasons, it is noteworthy that the diamagnetic conformer of 2, having two anilides rotated by 
approximately 90° away from the experimentally-determined structure, which was located by Stranger 
and coworkers, contains both this MoNNMo zig-zag structure and a longer N–N bond than was measured 
by single-crystal X-ray diffraction.45-48 Although this computationally predicted structure for 2 agrees 
neither with the structural nor magnetic data obtained from authentic samples of 2, we still found the 
structural relationship between the putative zig-zag transition state en route to cleavage of the N–N bond 
and this proposed geometry intriguing.45,46 
Rotation of one or more anilide ligands has previously not been considered as a structural feature of 
the zig-zag transition state, 2‡. Via ligand rotation, one of the metal π-symmetry (with respect to the μ-N2 
ligand) orbitals is destabilized and the orbital degeneracies that exist in pseudo-C3 coordination 
geometries are lifted. If one could show that ligand rotation were coupled to the formation of a zig-zag 
structure of 2‡, then this would be of mechanistic interest with regard to N2 cleavage. In this regard, one 
expects the barrier to ligand rotation in 2 to be greater in energy than for less sterically crowded  
(μ-N2)[Mo(N[i-Pr]Ar)3]2. Interestingly, (μ-N2)[Mo(N[i-Pr]Ar)3]2 has never been directly observed as an 
intermediate in the N2-cleavage reaction carried out by HMo(η2-Me2CNAr)(N[i-Pr]Ar)2.69,70 The 
accordingly inferred instability of (μ-N2)[Mo(N[i-Pr]Ar)3]2 contrasts sharply with the properties of 2, 
which can be isolated and studied as a pure material. We have suggested that facile N2 cleavage by  
(μ-N2)[Mo(N[i-Pr]Ar)3]2 indicates that this compound more readily accommodates geometric changes 
along the reaction coordinate than does 2.71,72  
The structure of (μ-N2)[Mo[(R)N(CH2)2]3N]2 (R = Me2[t-Bu]Si) has been compared with the structure 
of 2 previously.10 The two compounds have magnetic moments consistent with an S = 1 state and similar 
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structural parameters. However, (μ-N2)[Mo[(R)N(CH2)2]3N]2 does not undergo thermal fragmentation 
with N–N bond cleavage.53 We suggest that the chelating arms of the [(R)N(CH2)2]3N ligand inhibit 
rotation about the Mo–Narm bond. If ligand rotation is important for accommodating transit between the 
triplet and singlet spin-states, then fundamental differences in the reaction chemistry of these two closely 
related molecules might be explained in terms of ancillary ligand structural constraints. Alternatively, this 
difference might also be the result of the apical-nitrogen donor that is present in  
(μ-N2)[Mo[(R)N(CH2)2]3N]2 but absent in 2.73 
Solid-State Stability of 2 and Structure of Crystalline 3. In solution, 2 readily fragments to yield 2 
equiv of 3 (t1/2 ≈ 30 min, 25 °C).10 Having obtained for the first time samples of 2 as single crystals, we 
became curious as to whether the extended crystal lattice would confer additional stability to 2.74-79 
Crystals of 2 (ca. 0.25 × 0.20 × 0.20 mm), grown from n-pentane/HMDSO, were stored at 20 °C under 
light petroleum oil for 24 hours. After that time, the crystals continued to diffract, and the unit cell was 
measured. The measured unit cell parameters in P21/n were unchanged in comparison to those found for 
fresh crystals that had been analyzed 24 hours earlier. These crystals were additionally suspended in 
Nujol oil and monitored by UV-vis spectroscopy at 20 °C over 22 hours. During that time, no change 
occurred in the absorbance spectrum. These two observations suggest that in comparison to solutions or 
amorphous solids, the extended structure of the crystal lattice stabilizes 2 with respect to fragmentation.80  
The terminal nitride, 3, formed by thermal fragmentation of 2, has not been structurally characterized 
in the past due to a severe crystallographic disorder. This disorder results in diffraction patterns that 
appear orthorhombic, and masked lower-symmetry solutions. A satisfactory solution to the X-ray data has 
now been found by Peter Müller in the space group P21/n.81 This solution was found for a data set 
collected from a crystal of 3 grown from n-pentane/Et2O at –35 °C. It was found that slow cooling of this 
pale yellow crystal from 20 °C to –173 °C was essential to prevent cracking of the crystal, allowing X-ray 
diffraction data to be collected. The solution to this data contains four crystallographically independent 
molecules per asymmetric unit, two of which are highly disordered, accounting for 16 molecules per unit 
cell. Each molecule of 3 approximates C3 symmetry in the solid state, as the aryl rings are staggered in the 
same direction (Figure 6). The analogous compound, N≡Mo(N[t-Bu]Ph)3, is not subject to the same 
crystallographic disorder, and its X-ray crystal structure has been previously reported.10 Therefore, the 
metrical parameters of this compound may be compared to those of 3. For 3, the Mo≡N bond length is 
1.651(4) Å while the average Mo–N[t-Bu]Ar bond length is 1.964(4) Å. These values are closely 
approximated by those found for N≡Mo(N[t-Bu]Ph)3 for which the Mo≡N internuclear distance is 
1.658(5) Å and one Mo–N[t-Bu]Ph distance is 1.979(2) Å.10 
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Figure 6. The molecular structure of 3 is shown with thermal displacement ellipsoids at the 50% probability level. 
Hydrogen atoms have been omitted for clarity. 
Redox Chemistry of (μ-N2)[Mo(N[t-Bu]Ar)3]2. We envisioned that by removing 2e– from 2, the 
corresponding formal d2-d2 compound should be thermally stable because too few electrons are present to 
engage in 6e– reductive cleavage of the N–N bond. Moreover, a thermally stable, dicationic compound 
might be useful for the storage and in situ generation of 2. With isolated 2 in hand, the 2e– oxidation was 
carried out by the addition of 2 to a solution containing 2 equiv of [Cp2Fe][B(ArF)4] (Cp = η5-C5H5, ArF = 
3,5-C6H3(CF3)2). When the oxidation is carried out in Et2O, (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 
2[B(ArF)4]2, is collected by filtration as a red powder in 98% yield (Scheme 2). Powders or CH2Cl2 
solutions of 2[B(ArF)4]2 may be stored at 20 °C for more than 5 days without significant decomposition. 
Reduction of 2[B(ArF)4]2 to return 2 was effected by the soluble reducing agent K2COT (COT = 
C8H8).82 This reducing agent was desirable because it is soluble in THF83,84 and has a sufficient reduction 
potential to carry out both reduction steps to form 2 while avoiding reduction of 2 to form 2 equiv of 
[K][NNMo(N[t-Bu]Ar)3].85-88 Reduction of 2[B(ArF)4]2 by K2COT proceeds rapidly in THF solutions to 
form 2 as the only molybdenum-containing product (Scheme 2). Using this procedure, 2 may be obtained 
in 85% isolated yield, after separation from the K[B(ArF)4] and COT byproducts.  
Two reversible 1e– processes are observed in the cyclic voltammogram of 2[B(ArF)4]2 (Figure 7).89,90 
These are assigned to the 22+/2+ couple at –320 mV and 2+/2 couple at –1260 mV, where Cp2Fe+/0 = 0 mV 
(Table 2). The 2+/2 couple has previously been observed in the cyclic voltammogram of 2.16 From a 
qualitative point of view, 2 is about as reducing as Cp2Co.91  
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Table 2. Electrochemical potentials measured using [2][B(ArF)4]2. All data in mV vs. Cp2Fe+/0. 
 Electrolyte Solution 22+/2+ 2+/2 2/2–  
 0.1 M [N(n-Bu)4][B(C6F5)4]/THF –320 –1260 
not 
measured 
 
 0.5 M [N(n-Bu)4][PF6]/THF –332 –1140 –2250  
 2.0 M [N(n-Bu)4][PF6]/MeCN –377 –1190 –2530  
 
Scheme 2. 
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Figure 7. The cyclic voltammogram of 2[B(ArF)4]2 in 
0.1 M [(N(n-Bu)4][B(C6F5)4]/THF89,90 shows two 
reversible redox events. Assignment of each event is 
given in the text. 
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The separation between the two reversible 1e– processes observed in the cyclic voltammogram is 
related to the ΔG° for the comproportionation between 2 and 22+ to form 2 equiv of 2+.92-94 From the peak 
separation of 0.94 V, the equilibrium constant for this reaction was calculated to be Keq = 1.4 × 1016.93-96 
Comproportionation served as a viable synthetic route to (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4], 2[B(ArF)4]: 
Addition of 2[B(ArF)4]2 to a solution of 2 rapidly formed the mixed-valent compound, 2[B(ArF)4], which 
was isolated as a cranberry-red solid in 95% yield (Scheme 3). Proton NMR spectra of 2[B(ArF)4] show a 
broad tert-butyl resonance centered at 6.0 ppm. Addition of either 2 or 2[B(ArF)4]2 to solutions of 
2[B(ArF)4] broadens the resonances observed by 1H NMR spectroscopy, as is expected for degenerate 
electron transfer.97-99 We discovered that 2+ is formed when 2 is dissolved in CDCl3 as this solution 
quickly changes in color from purple to cranberry-red. Proton NMR, UV-vis, and Raman spectroscopy 
data support this conclusion; however, the identity of the counter-anion has not been investigated.  
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Scheme 3. 
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For 2[B(ArF)4], the magnetic moment of 1.96 μB is consistent with one unpaired electron. This value, 
which is higher than the expected spin-only value of 1.73 μB, may indicate an orbital contribution from a 
2E ground state (approximate C3 symmetry is assumed) to the observed magnetic moment;100-102 however, 
care should be taken when interpreting these magnetic data because the measurement requires a large 
diamagnetic correction, χdia = –1.29 × 10–3 cm3 Mol–1 (χM = χobs – χdia).55  
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Figure 8. A spectroelectrochemical stack plot shows the conversion 2 → 2+ → 22+ in 0.5 M [N(n-Bu)4][PF6]/THF 
in 0.5-s intervals.  
To further characterize the redox couples interrelating 2, 2+, and 22+, the 2e– oxidation of 2 was 
monitored spectroelectrochemically, allowing the visible transition of each chromophore to be compared 
in the same solvent and under the same experimental conditions.103,104 The oxidation of 2 in 0.5 M  
[N(n-Bu)4][PF6]/THF was monitored by UV-vis spectroscopy, while holding the spectroscopic cell at a 
potential of –200 mV. A stack plot of the UV-vis spectra, taken in 0.5-second intervals, shows the decay 
of 2, which absorbs at 544 nm, accompanied by the growth of 2+ absorbing at 506 nm (Figure 8). Changes 
Structural Features and Redox Chemistry of (μ-N2)[Mo(N[t-Bu]Ar)3]2 35
 
in the absorbance are less dramatic as 2+ is oxidized to form 22+ because both species absorb strongly at 
506 nm; however, the spectral features near 300 nm differ between the two. The spectral assignment for 
2+ was confirmed by measuring the UV-vis spectrum of 2+ that was electrochemically generated from 22+ 
in an optically transparent thin-layer electrochemical cell.105,106 The small energy differences between the 
optical bands seen for 2, 2+, and 22+ suggest a shared electronic transition among these three complexes. A 
detailed discussion of these optical spectra is given in the next chapter. 
Solid State Structure of 2[B(ArF)4]. Crystals of 2[B(ArF)4] for X-ray analysis were grown by vapor 
diffusion of n-pentane into THF at 20 °C. All atoms are crystallographically independent in the space 
group P21/n, and the two Mo–N distances around the μ-N2 ligand, Mo(1)–N(7) and Mo(2)–N(8), 
distances are equivalent, within statistical error (Table 1, Figure 9). The MoNNMo core is nearly linear 
with Mo–N–N angles of 179.8(3)° and 178.7(3)°. A distortion breaking the trigonal symmetry around the 
MoNNMo core might be either small or dynamic effect that is not observed.107-109  
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Figure 9. The molecular structure of 2[B(ArF)4] is shown with thermal displacement ellipsoids at the 50% 
probability level. Hydrogen atoms have been omitted for clarity. 
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The symmetrical bonding about the MoNNMo core in 2[B(ArF)4] contrasts other mixed-valent μ-N2 
complexes that exhibit asymmetrical bonding about the μ-N2 ligand.110,111 Such complexes typically have 
a strong absorbance in the IR spectrum, whereas for 2[B(ArF)4] the N–N stretching mode is only Raman 
active (vide infra Figures 11, 12).110 The symmetric bonding about the μ-N2 ligand in 2[B(ArF)4] is 
comparable with [(μ-N2)(M(NH3)5)2]5+ (M = Ru, Os), which have Raman active, but IR inactive bands 
corresponding to the N–N normal mode. Therefore, structural characterization of 2[B(ArF)4] is consistent 
with a Robin-Day class III system in which the unpaired electron resides in a molecular orbital that is 
delocalized across the N–N bridge and is symmetrically shared by both metals.92,112 Absorbance bands in 
the near-IR region (700 – 3000 nm) were not located for 2[B(ArF)4]. The lack of intense near-IR bands is 
consistent with the classification of 2[B(ArF)4] as a class III mixed-valent complex—for which these 
bands can become exceedingly weak, hence unobserved.92  
Solid State Structure of 2[B(ArF)4]2. Crystals of 2[B(ArF)4]2, grown from THF/Et2O/n-hexane at –35 °C, 
were suitable for X-ray diffraction. The molecular structure of 2[B(ArF)4]2 is symmetric about a 
crystallographic inversion center that is located on the N–N internuclear vector (Figure 10). The inversion 
center relates the two C3 propellers formed by the staggered aryl rings, conferring a pseudo-S6 geometry 
to the 22+ ion. The short Mo–Mo distance of 4.86 Å suggests a congested ligand environment about the 
MoNNMo core (Table 1). Steric crowding is also evident in 1H NMR spectrum at 20 °C as two distinct 
resonances are observed for both the aromatic ortho and aryl-methyl protons. These protons become 
magnetically inequivalent when the dynamic process that interconverts the two possible enantiomers 
defined by the C3 aryl propellers is sufficiently hindered.  
The N–N internuclear distance is a commonly used marker of N2 activation when it is coordinated to a 
metal;2,113 therefore, it is worthwhile to compare the structures of 2[B(ArF)4]2, 2[B(ArF)4], and 2. The N–N 
internuclear distance is longest in 2[B(ArF)4]2, 1.265(5) Å, while the N–N distance is ca. 0.026 Å shorter 
for 2[B(ArF)4] or ca. 0.051 Å shorter for 2. The opposite trend is found for Mo–N internuclear distances; 
2 has the longest Mo–N separation, 1.87 Å, when compared to the Mo–N distance in 2[B(ArF)4], 1.835(3) 
Å, or 2[B(ArF)4]2, 1.798(2) Å. Both trends indicate that the μ-N2 ligand becomes more activated by 
removing 2e– from the π bonding MoNNMo core of 2.113  
Activation of N2 is generally achieved by reducing the N2, and it is noteworthy to recognize that a 
number of dicationic μ-N2 compounds are described in the literature. Schrock has reported the 
electrochemistry of (μ-N2)[M((4-t-BuC6H4)NCH2CH2)3N]2, M = Mo, W.52 For the case of W, the neutral 
μ-N2 complex was cleanly oxidized by either 1e– or 2e– to afford isolable products; however, crystals 
suitable for X-ray diffraction studies were not obtained for these compounds. The compound  
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Figure 10. The molecular structure of 2[B(ArF)4]2 is shown with thermal displacement ellipsoids at the 50% 
probability level. Hydrogen atoms have been omitted for clarity. 
 [(μ-N2)(W(dmpe)Cp*)2][B(C6F5)4]2 (Cp* = η5-(CCH3)5, dmpe = 1,2-(Me2P)2C2H4), formed upon 
exposure of [(η7-C5Me3(CH2)2)(dmpe)W(H)2][B(C6F5)4] to N2, has an N–N separation of 1.22(1) Å and a 
W–N distance of 1.888(5) Å while the W–N–N angle is nearly linear, 176(7)°.114 The dizwitterionic 
compound (μ-N2)[Fe((i-Pr)2PCH2CH2)3BPh]2 shows activation of the N2 ligand in its N–N distance of 
1.138(6) Å and Fe–N separation of 1.815(5) Å.24 A recent EPR/Mössbauer study concluded that this 
compound is best described as an Fe(I)/Fe(I) ground state septet.115 These examples demonstrate that 
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Figure 11. (left) Resonance Raman spectra (λex = 514.5 nm) of 2[B(ArF)4]2 in CH2Cl2. (right) Raman spectra  
(λex = 785 nm) of 2+ in CDCl3. In the spectrum shown, 2+ was generated by the addition of 2 to CDCl3. For both sets 
of spectra, the spectrum for the 15N isotopomer is plotted above that for the natural abundance sample. 
compound is best described as an Fe(I)/Fe(I) ground state septet.115 These examples demonstrate that 
marked reduction of the μ-N2 ligand may be present even when bound between two positively charged 
metal centers.  
Raman Spectroscopy. Raman spectroscopy is a common marker of activation of the N2 ligand,2,113 and 
Raman shifts are known to correlate well with N–N internuclear separation for a number of compounds 
containing the N2 unit.10,116 The extent of activation of the N2 ligand is typically measured against free N2 
which has a N–N separation of 1.0975 Å and Raman shift of 2331 cm–1.117-119 To complement the trend in 
N–N internuclear distance for 2n+ (n = 0, 1, 2) as observed by X-ray crystallography (Table 1), Raman 
spectroscopy was carried out on these compounds. 
Resonance Raman performed on 2[B(ArF)4]2 (λexcite = 514.5 nm) showed only one intense feature at 
1349 cm–1 that was assigned to the Stokes shift for N–N polarization (Figure 11). This assignment was 
confirmed by the Raman shift for [15N-2][B(ArF)4]2 that is found at 1305 cm–1, 44 cm–1 less energetic than 
the shift observed for the lighter isotopomer. This decrease in the Raman shift upon isotopic labeling 
agrees with the change calculated for a harmonic oscillator.120 Raman spectroscopy of 2[B(ArF)4] (λexcite = 
785 nm) showed an intense Stokes shift at 1503 cm–1 that was shifted to 1438 cm–1 for the 15N 
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Figure 12. Infrared spectra as thin films of 2 (upper left), 2[B(ArF)4]2 (upper right), 2[B(ArF)4] (lower left); and 
2[B(ArF)4] in CDCl3 (lower right). Note that the Raman active νNN is not detected in the infrared spectrum. Resonant 
absorbance bands are listed below. 
For 2 (film, KBr): 2956.1, 2918.0, 2860.2, 1596.6, 1583.0 (s), 1456.6, 1352.0, 1283.4 (s), 1176.4 (s), 
1147.3 (s), 1071.32, 1038.9, 1016.8, 957.7 (s), 937.2 (s), 882.7 (s), 846.7, 788.5, 716.6 (s), 686.8 (s), 
677.2, 576.7 cm–1. 
 
For 2[B(ArF)4]2 (film, KBr): 2983.8, 2919.9, 2868.7, 1603.4, 1583.2, 1462.2, 1354.3 (s), 1277.6 (s),  
1161.7 (s), 1126.7 (s), 940.9, 887.9, 838.6, 710.5, 682.5, 669.3 cm–1. 
 
For 2[B(ArF)4] (film, KBr): 2974.21, 2924.6, 2866.0, 1600.67, 1584.56, 1353.2 (s), 1276.7 (s), 1162.4 (s), 
1126.4 (s), 1041.0, 1016.8, 998.2, 940.7, 885.5, 838.2, 713.1, 681.9, 669.3 cm–1. 
 
For 2[B(ArF)4] (CDCl3, KBr): 2973.3, 2930.4, 2870.2, 1354.6 (s), 1279.0 (s), 1165.4 (s), 1130.4 (s) cm–1. 
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isotopomer. The observed isotope shift of 65 cm–1 is greater than the calculated shift of 51 cm–1, 
indicating a degree of anharmonic character in the vibration. Anharmonic potentials have been associated 
with a dynamic Jahn-Teller distortion.108,121  
The Raman spectrum of 2 contains the N–N bond polarization at 1630 cm–1.10 The lower energy 
polarizations of 1503 cm–1 and 1349 cm–1 for 2[B(ArF)4] and 2[B(ArF)4]2, respectively, are consistent with 
a weakening of the N–N bond upon oxidation of 2.2,113 These Raman shifts may be plotted as a function 
of N–N internuclear distance (Figure 13);116 moreover, the three data points may be extrapolated to the 
Raman shift for gaseous N2.117-119 The correlation of Raman shifts with N–N bond length is consistent 
with the observation that the overall complex structure remains unchanged by removing either 1e– or 2e– 
from 2: only Mo–N and N–N distances of the MoNNMo core are changed by altering the charge.  
Correlation Between Charge and Structure. The experimental, X-ray structure of 2[B(ArF)4]2 was used 
to provide an initial geometry for density functional theory (DFT) calculations to find a theoretically 
optimized structure for 22+. This calculation provided a pictorial view of the frontier orbitals of 22+ (Figure 
14). The HOMO corresponds to the bonding interaction between the Mo d orbitals and the π* orbital of 
N2, whereas the LUMO is NN π bonding in character. Such an analysis leads one to expect that that 
population of the LUMO of 22+ by either 1e– or 2e– will enhance the bonding between the two nitrogen 
atoms. This interpretation is nicely supported by the X-ray and Raman data described above: upon 
reduction of 2[B(ArF)4]2 to either 2[B(ArF)4] or 2, shortening of the N–N bond is observed by X-ray 
crystallography and a higher energy νNN is observed by Raman spectroscopy.  
The calculated electronic structure of 22+ indicates that the LUMO+2 is a low-lying σ symmetry 
orbital having the appearance of two out-of-phase dz2 molybdenum-based orbitals coupled by the NN 
bridge. The LUMO+3 is a π-symmetry orbital that appears to have both NN and MoN antibonding 
character. However, the metal-localized lobes in LUMO+3 are not coplanar with the nitrogen-based 
orbitals. Both of these orbital sets contain a substantial contribution from the metal, and the low energy of 
these orbitals indicates that they are best viewed as either weakly antibonding or nonbonding. Strongly 
antibonding, π-symmetry orbitals of the MoNNMo core are actually much higher in energy.  
The orbital model presented here is consistent with previous treatments.10,20,122-124 One pertinent 
example is [(μ-N2)(Ru(NH3)5)2][BF4]4, which contains a short N–N bond of 1.124 Å (νNN = 2100 cm–1). 
The lack of strong N–N bond activation in this complex has been attributed to filled orbitals of Ru–N 
antibonding character—an alternative description for the orbital set that we suggest is NN bonding.124-126 
This supports the general conclusion that N2 activation is not merely a consequence of the number of 
electrons presented by the metal center but the symmetry of the orbitals that these electrons occupy.  
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Figure 13. Resonance Raman shifts plotted as a function of N–N internuclear distance. The best fit line through 4 
points is given by ν(r) = –5859r + 8762, R2 = 1.000, σ = 1.04 cm –1. Raman shifts are given in the text, and bond 
lengths are listed in Table 1. 
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Figure 14. Selected frontier orbitals for 22+ show the N–N bonding character of the LUMO. Orbitals are drawn at 
an isosurface value of 0.037. For simplicity, only one orbital is drawn for pairs of orbitals that are close in energy 
and transform under the same irreducible representation in the S6 point group. The all-bonding MoNNMo orbital is 
much lower in energy and is not shown. 
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Conclusions 
The previously elusive solid-state structure of 2 has now been determined. Having obtained an 
unambiguous structure for 2, we answered a number of questions concerning the structure and magnetism 
of this linear, bimetallic μ-N2 complex. Moreover, we have suggested that ligand rotation about the  
Mo–Nanilide bond may play an important role in reducing the kinetic barrier toward N–N bond cleavage by 
2 under thermal conditions. 
The structural and spectroscopic signatures of 2 were compared to those for 2[B(ArF)4] and 
2[B(ArF)4]2. In doing so, a counter-intuitive trend in activation of the μ-N2 ligand was uncovered: 
Commonly used measures of N–N bond activation indicated that removing 1e– or 2e– from the MoNNMo 
core of 2, a complex known to undergo thermal N–N bond cleavage, results in a reduction of the N–N 
bond. This correlation of charge with N–N bond strength was rationalized by a DFT model of the 
electronic structure within the MoNNMo core. As a result, this study demonstrates the role of orbital-
symmetry in tuning the bonding across an N2 bridge. 
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Synthetic Procedures 
General Remarks. All manipulations were carried out under an atmosphere of purified nitrogen in a 
Vacuum Atmospheres Model MO-40M glovebox equipped with the QP-30 accessory, or by standard 
Schlenk techniques.127,128 Inside the MO-40M glovebox the ambient temperature ranged from 18–22 °C. 
All glassware was oven-dried at a temperature above 150 °C for at least 12 h and allowed to cool under 
dynamic vacuum prior to use. Celite, alumina, and 4 Å sieves were activated by heating to a temperature 
greater than 180 °C under a dynamic vacuum for 2 d (celite) or 5 d (alumina and 4 Å sieves). Et2O,  
n-hexane, n-pentane, and toluene were bubble degassed with nitrogen and forced, under positive pressure, 
through a column of activated alumina followed by a column of activated Q5.129 CH2Cl2 was bubble 
degassed with nitrogen and forced, under positive pressure, through two columns of activated alumina.129 
THF was taken from an Aldrich Pure-Pac and under positive pressure passed through two columns of 
activated molecular sieves. THF was additionally stirred over sodium metal which was removed by 
filtration through activated alumina or celite prior to use. MeCN was taken from an Aldrich Sure-Seal 
bottle, filtered through a column of activated alumina (4 × 3 cm), and degassed under a dynamic vacuum. 
HMDSO was distilled from dark purple solutions of sodium benzophenone ketyl. MeCy was distilled 
from CaH2. All solvents were stored over 4 Å sieves. C6D6 was degassed and stored over 4 Å sieves for 3 
d prior to use. CD2Cl2 and CDCl3were refluxed over CaH2 for 24 h then distilled and stored over 4 Å 
sieves. 1H and 13C NMR shifts were referenced against residual solvent resonances (for C6D6, 7.16 and 
128.39 ppm; for CD2Cl2, 5.32 and 54.00 ppm; for CDCl3, 7.24 and 77.23 ppm). 19F NMR spectra were 
externally referenced to CFCl3 (δ = 0 ppm). Positive ion ESI-MS were obtained using a Bruker Daltonics 
APEXIV, 4.7 T Fourier Transform Ion Cyclotron Resonance Mass Spectrometer. Combustion analysis 
was performed by Midwest Microlab, LLC (Indianapolis, IN). Literature procedures were used for the 
preparation of [Cp2Fe][B(ArF)4]130, K2[C8H8]131, [N(n-Bu)4][B(C6F5)4]89,132.  
Preparation of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2.10,11,16 As an orange powder, Mo(N[t-Bu]Ar)3 (5.081 g, 
8.143 mmol) was loaded into a 250 mL Erlenmeyer flask. This solid was then dissolved in 125 mL of 
THF with rapid stirring. The stir bar was removed from the flask, and the flask capped with a rubber 
septum. The flask was then stored at –35 °C for 10 d under N2. The flask was removed from the freezer 
every 3 d to readmit N2 into the flask. Over the first 7 d, the color of the solution became dark purple but 
few solids had precipitated. After 10 d, a large amount of powder had precipitated and 3.145 g of 2 was 
isolated by filtration of the mixture. The solids were washed with n-pentane (10 mL × 2). The filtrate was 
concentrated to 50 mL and stored at –35 °C for an additional 7 d to afford each of the 3 additional crops 
(Overall, 4.760 g, 3.730 mmol, 91.6%). Purple solids were washed with MeCN, in which 2 is entirely 
insoluble, and dried to constant mass prior to magnetic studies. 1H NMR (600 MHz, C6D6, 20 °C): δ = 
13.04 (s, Δν1/2 = 60 Hz, 54 H, C(CH3)3), 5.42 (s, Δν1/2 = 250 Hz, 6 H, ortho-Ar), 2.80 (s, Δν1/2 = 280 Hz,  
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6 H, ortho-Ar), 2.37 (s, Δν1/2 = 20 Hz, 6 H, para-Ar), 0.92 (s, Δν1/2 = 6 Hz, 36 H, Ar–CH3) ppm.  
μeff (SQUID) = 2.42 μB. UV-vis (Et2O, 20 °C): λ (ε) = 299 (67600), 544 (41000) nm (M–1cm–1). 
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Figure 15. 1H NMR (600 MHz, C6D6, 20 °C) spectrum of 2. THF and 3 are marked with s or *. 
Preparation of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2, by Oxidation of 2. At –116 °C, to a 
rapidly stirred, blue solution of [Cp2Fe][B(ArF)4] (1.796 g, 1.712 mmol, 2 equiv) in 50 mL Et2O was 
added a solution of 2 (1.09 g, 0.856 mmol) in 40 mL Et2O over 2 min. The mixture became dark brown in 
color after approximately 25 mL of the solution of 2 has been added. The intensity of the brown color 
grew over the next 5 min. To the mixture was added 40 mL of thawing n-pentane (–130 °C) to quickly 
precipitate the product as a red powder. The product was then isolated by filtration. The solids were 
washed with n-pentane (30 mL × 4) and then Et2O (20 mL × 4). Drying solids under a dynamic vacuum 
yields the product, 2[B(ArF)4]2 (2.530 g, 0.842 mmol, 98.4 %), mp = 135-140 °C (dec). 1H NMR (500 
MHz, CD2Cl2, 20 °C): δ = 7.70 (s, 16 H, ortho-ArF), 7.54 (s, 8 H, para-ArF), 7.17 (s, 6 H, para-Ar), 6.71 
(s, 6 H, ortho-Ar), 4.50 (s, 6 H, ortho-Ar), 2.35 (s, 18 H, Ar–CH3), 2.17 (s, 18 H, Ar–CH3), 1.41 (s, 54 H, 
C(CH3)) ppm. 13C NMR (125 MHz, CD2Cl2, 20 °C): δ = 162.0 (q, ipso-ArF), 147.3 (s, ipso-Ar), 139.8 (s, 
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Ar), 139.5 (s, Ar), 135.2 (s, ortho-ArF), 132.7 (s, Ar), 129.5 (q, meta-ArF), 127.9 (s, Ar), 126.3 (s, Ar), 
125.2 (q, CF3), 117.9 (s, para-ArF), 74.0 (s, CMe3), 31.5 (s, NCCH3), 22.2 (s, Ar–CH3), 21.4 (s, Ar–CH3) 
ppm. 19F NMR δ = (376 MHz, CD2Cl2, 20 °C) δ = –63 ppm. UV-vis (CH2Cl2, 20 °C): λ (ε) = 296 
(79200), 382 (30600), 514 (39800) nm (M–1cm–1). Anal. Calcd for C136H132B2F48Mo2N8: C, 54.38; H, 
4.43; N, 3.73; F, 30.36. Found: C, 54.02; H, 4.34; N, 3.66; F, 30.22. The 15N labeled derivative was 
prepared in an analogous fashion from 15N labeled 2.10 For 15N labeled 2[B(ArF)4]2, ESI–MS: m/z = 
640.3426 (640.3423, 22+), 1222.6277 (1222.6069, [2–(t-Bu)]+, 1279.6773 (1279.6907, 2+).  
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Figure 16. 1H NMR (500 MHz, CD2Cl2, 20 °C) spectrum of 2[B(ArF)4]2. 
Preparation of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4], 2[B(ArF)4], by Comproportionation of 2 and 
2[B(ArF)4]2. To a red solution of 2[B(ArF)4]2 (1.500 g, 0.500 mmol) in 25 mL of THF was added 2 (700 
mg, 0.548 mmol, 1.1 equiv) as a purple solid at 20 °C. Upon mixing the purple 2 with the opaque, red 
solution of 2[B(ArF)4]2, a cranberry-colored solution formed. The vial containing 2 was rinsed with 10 mL 
of THF which was added to the stirring solution. Once the addition was completed, the solution was 
allowed to stir for 1 min before the solvent was removed under a dynamic vacuum. The remaining solids 
were then scraped onto a sintered glass frit and thoroughly washed with toluene (20 mL × 5) to remove a 
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pale yellow solution (presumably containing 3) and then the remaining solids were washed with n-
pentane (20 mL × 4) before the solids were dried under a dynamic vacuum. The cranberry-colored solids 
of 2[B(ArF)4] were then collected (2.030 g, 0.948 mmol, 95.0%), mp = 140-142 °C (dec). 1H NMR (500 
MHz, CDCl3, 20 °C): δ = 7.70 (s, Δν1/2 = 9.7 Hz, 8 H, ortho-ArF), 7.51 (s, Δν1/2 = 5.2 Hz, 4 H, para-ArF), 
6.08 (s, Δν1/2 = 75 Hz, 54 H, C(CH3)), 5.47 (s, Δν1/2 = 72 Hz, 12 H, ortho-Ar), 2.35 (s, Δν1/2 = 6.8 Hz, 6 H, 
para-Ar), 1.74 (s, Δν1/2 = 14.5 Hz, 36 H, Ar–CH3) ppm. μeff (SQUID) = 1.96 μB. UV-vis (CH2Cl2, 20 °C): 
λ (ε) = 295 (63800), 508 (38000) nm (M–1cm–1). Anal. Calcd for C104H120BF24Mo2N8: C, 58.35; H, 5.64; 
N, 5.23; F, 21.30. Found: C, 58.64; H, 5.66; N, 5.05; F, 20.91. 
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Figure 17. 1H NMR (500 MHz, CDCl3, 20 °C) spectrum of 2[B(ArF)4]. 
Reduction of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2, to 2. At –108 °C, to a stirred red solution 
of 2[B(ArF)2]2 (800 mg, 0.2663 mmol; 40 mL THF) was added a red solution of K2[C8H8] (50 mg, 0.2747 
mmol, 1.03 equiv) in 10 mL THF dropwise. Upon completing addition the initially red solutions had 
turned bright purple. The purple solution was stirred for 5 min before the mixture the solvent was 
removed under a dynamic vacuum. To resulting resin was twice added 20 mL of n-hexane which was 
each time removed under a dynamic vacuum. The product was then extracted into toluene (60 mL), 
filtered through celite two times, and the solvent removed under a dynamic vacuum. The product 2 (290 
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mg, 0.227 mmol, 85.3%) was collected as a purple powder. A small amount of 3 was formed during 
manipulations, the amount was judged to be less than 5% by 1H NMR spectroscopy.  
General Remarks on the Determination of Molecular Structure by X-ray Diffraction. X-ray 
diffraction data were collected using a Siemens Platform three-circle diffractometer coupled to a Bruker-
AXS Smart Apex CCD detector with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å), 
performing φ- and ω-scans. The structure was solved by direct methods using SHELXS133 and refined 
against F2 on all data by full-matrix least squares with SHELXL-97134 All non-hydrogen atoms were 
refined anisotropically; all hydrogen atoms were included into the model at their geometrically calculated 
positions and refined using a riding model.  
Disorders in the structures of 2 in P21/n, 3, and 2[B(ArF)4]2 were refined with the help of similarity 
restraints on 1-2 and 1-3 distances and displacement parameters as well as rigid bond restraints for 
anisotropic displacement parameters.135 The ratios were refined freely, while constraining the total 
occupancy of all components to unity. All bond distances and angles between atoms involved in a 
disorder given in this publication refer to the main component of the disorders. Further details for the X-
ray structure solution for 3 will appear elsewhere.81 MIT Reciprocal Net identification codes for the 
structures appearing in this chapter are as follows: 2 in P2/n, 06186; 2 in P21/n, 06202; 2[B(ArF)4], 07115; 
2[B(ArF)4]2, 06247; 3, 05171 and 05171BIG. 
Crystal Growth of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, in P2/n. As solid powders, 1 (ca. 200 mg) was mixed 
with (ca. 230 mg, 5 equiv) of MesCN. To this mixture was added approximately 10 mL of MeCy to form 
a saturated solution. The purple solution was filtered and layered with an equal volume of HMDSO. The 
solution was stored at –35 °C for 4 to 7 d, and the solution was decanted away from colorless crystals, 
presumably MesCN. This was repeated three times before purple crystals formed. The purple crystals 
gave the structure of 2.  
Crystal Growth of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, in P21/n. A saturated solution of 1 in n-pentane was 
filtered through glass wool and diluted to approximately 1.25 times its original volume. The solution was 
then layered with an equal volume of HMDSO and stored at –35 °C for 3 to 4 weeks to afford purple 
crystals of 2. 
Crystal Growth of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4], 2[B(ArF)4]. A red solution mixture was formed 
by stirring 2[B(ArF)4]2 in 3mL of THF. This mixture was filtered through glass wool to remove 
undissolved solids. The resulting solution was then diluted to a total volume of 5 mL. The solution was 
transferred into a 10 mL vial that was placed inside of a capped 20 mL vial. The 20 mL vial contained 
approximately 5 mL of n-pentane for the purpose of vapor diffusion. The 20 mL vial was tightly capped 
and stored at 22 °C for 2 d. Crystals obtained via vapor diffusion were suitable for X-ray diffraction.  
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Crystal Growth of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2. To 4 mL of THF was added more 
2[B(ArF)4]2 then could be completely dissolved to form a darkly colored (nearly black) mixture. The 
mixture was filtered through glass wool to obtain a saturated solution which was diluted by the addition 
of an additional 4 mL of THF. To this solution was carefully added 4 mL of Et2O/n-hexane (2:1), forming 
a colorless layer above the solution of 2[B(ArF)4]2. The two liquid phases were allowed to slowly mix (via 
diffusion) when this mixture was stored at –35 °C for 1 to 3 d to afforded crystals of 2[B(ArF)4]2. 
Crystal Growth of N≡Mo(N[t-Bu]Ar)3, 3. A saturated solution of 3 in 8 mL of Et2O/n-hexane (2:1) was 
filtered through glass wool and diluted to a total volume of 12 mL. Storing this solution at –35 °C for 4 d 
afforded yellow crystals of 3.  
Thermal Stability of Crystalline (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, as Assayed by UV-Vis Spectroscopy. A 
piece of Whatman #1 filter paper was covered in Nujol oil and placed against the side of a quartz cuvette, 
and the UV-vis spectrum was measured. This spectrum serves as a background for the experiment. The 
same piece of filter paper was cycled into the glove box and a small amount of 2 that had been 
crystallized from n-pentane/Et2O was added to the surface. The compound was smeared across the 
surface of the filter paper with a metallic spatula, while care was taken not to crush the crystals. The 
crystals were coated in Nujol oil and UV-vis spectrum monitored as a function of time. After 22 h, no net 
changes in the absorption were observed.  
Thermal Stability of Crystalline (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, as Assayed by Unit Cell 
Determination. Singles crystals of 2 grown from n-pentane/Et2O were removed from the glovebox on a 
glass microscope slide covered with petroleum oil. One crystal was mounted and from that crystal both 
the unit cell and molecular structure of 2 were determined. The remaining single crystals were allowed to 
stand overnight under petroleum oil. After 24 h, another crystal was mounted on the diffractometer and a 
unit cell search was performed. The metric parameters of the unit cell matched the unit cell parameters 
obtained 24 h earlier. 
Computational Details. All density functional theory (DFT) calculations were carried out using the 
Amsterdam Density Functional (ADF) program package, version 2004.01.136-138 The local exchange-
correlation potential of Vosko et al.139 (VWN) was augmented self-consistently with gradient-corrected 
functionals for electron exchange according to Becke140 and for electron correlation according to 
Perdew.141,142 This nonlocal density functional is termed BP86 in the literature and has been shown to give 
excellent results for both the geometries and energetics of transition-metal systems.143 Relativistic effects 
were included using the zero-order regular approximation (ZORA).144,145 The basis set used was the all-
electron ADF ZORA/TZ2P (triple ζ with two polarization functions) basis. An optimized geometry of 
22+, constrained to Ci symmetry, was calculated starting from the centrosymmetric X-ray structure of 
2[B(ArF)4]2. The atomic coordinates for this geometry is contained in the Appendix.  
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Physical Measurements 
Raman Spectroscopy. An Invictus solids state laser at 785 nm, manufactured by Kaiser Optics, or a 
Coherent Ar/ion laser at 514.5 nm was routed through fiber optic cables to a Hololab series 5000 Raman 
Microscope. The sample was placed, in a sealed container, under the objective of the microscope. The 
Raman scattering was observed via 180° reflectance through the objective of the Raman microscope. 
Each spectrum was collected for corrected for dark current and cosmic ray interference using the Hololab 
software. Solvent signals were subtracted using GRAMS software. Solutions of 2[B(ArF)4]2 in CH2Cl2 
were contained in 1 cm quartz cuvettes (Starna) and a single spectrum was acquired over 10 s using a 
514.5 nm laser at a power of 9.7 mW. Solutions of 2[B(ArF)4] in CDCl3 were held in a 528-PP NMR tube 
(Wilmad); 8 spectra were collected, for 2 each, and averaged using a 785 nm laser at a power of 30 mW. 
Raman shifts are corrected to an external standard of cyclohexane (801.3 cm–1), however these 
corrections were small (less than 1.5 cm–1).  
SQUID Measurement of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2. A Quantum Design MPMSXL instrument was 
used for this measurement. A 137.5 mg sample of 2 was weighed into a gel cap (B&B pharmaceuticals), 
taking care to keep the sample chilled during the transfer process. The gel cap was then inserted into a 
straw (Quantum Design). The assembled gel cap and straw were placed into a Zip-lock bag before it was 
transported outside of the glovebox. The time between removing 2 from the freezer and loading it into the 
SQUID was kept as short as possible. The sample was loaded into the SQUID at 150 K and centered at a 
field of 50000 Oe. After centering, the sample was slowly cooled to 5 K at zero magnetic field. The 
SQUID measurement was performed at 3 fields 50000, 25000, and 5000 Oe. Because 2 is not thermally 
stable, data was collected between 5 and 250 K at all three fields before data was collected a higher 
temperatures (250-300 K) at 5000 Oe. Between measurements, 2 was cooled from 250 K to 5 K at 0 Oe. 
For every measurement, the long voltage was measured by averaging 3 scans of 64 data points over a 6 
cm region of the straw. A correction made for the magnetic moment of the straw and gel cap was made by 
measuring their moment alone, and this negative number was subtracted from the observed long moment 
of the sample at each field. A diamagnetic correction of –8.02(10–4) cm3 mol was applied to the observed 
molar susceptibility. Contributions to the observed magnetic moment made by temperature independent 
paramagnetism (TIP) were fit and subtracted from the data using the JulX computer program.59 JulX was 
also used to fit the data to magnetic models. The molar susceptibility (χM) data are given in Appendix. 
Magnetic Susceptibility of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, Measured by the Evans Method.146,147 A stock 
solution of C6D6 containing a few drops of HMDSO was prepared. This solution and 2 (70.1 mg, 0.055 
mmol) were combined in a 10 mL volumetric flask. The resulting mixture was stirred for 3 min to ensure 
that a homogenous solution (55 mM of 2) had been formed. An aliquant from this solution was then 
transferred to an NMR tube that contained a sealed capillary of the C6D6/HMDSO stock solution. At this 
50 Chapter One
  
time the NMR tube was immediately transported to the NMR spectrometer. The difference in resonant 
frequency between the methyl protons of HMDSO within the capillary and the solution containing 2 was 
measured by 1H NMR spectroscopy. The separation between these two peaks was 23.05 Hz at 20 °C 
using a 600 MHz spectrometer. This value corresponds to a magnetic dipole moment of 2.40 μB when the 
diamagnetic correction of –0.008070 cm3 mol (calculated from Pascal’s constants) is applied.  
0.
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Figure 18. Evans Method magnetic susceptibility measurement for 2. The 1H NMR (600 MHz, C6D6, 20 °C) 
spectrum depicts the two singlets for HMDSO separated by the contact shift, Δν = 0.0384 Hz which corresponds to 
μeff = 2.4023 μB at this field.  
SQUID measurement of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4], 2[B(ArF)4]. A Quantum Design MPMSXL 
instrument was used for this measurement. The sample was weighed into a gel cap. The gel cap was 
punctured and the puncture sealed with a small amount of M-grease. The gel cap loaded into a straw and 
the straw was placed into a Zip-lock bag before it was transported outside of the glovebox. The time 
between removing 2[B(ArF)4] from the freezer and loading it into the SQUID was kept as short as 
possible. The sample was loaded into the SQUID at 150 K and centered at a field of 5000 Oe. After 
centering, the sample was slowly cooled to 5 K at zero magnetic field. The SQUID measurement at a field 
of 5000 Oe was then performed from 5 K warming to 300 K. The long voltage was measured by 
averaging 3 scans of 64 data points over a 6 cm region of the straw. A correction made for the magnetic 
moment of the straw and gel cap was made by measuring their moment alone, and this negative number 
was subtracted from the observed long moment of the sample at each temperature. A diamagnetic 
correction of –1.29(10–3) cm3 mol was applied to the observed molar susceptibility. A Weiss constant was 
not determined because the plot of 1/χT vs. T was curved. The molar susceptibility (χM) data are given in 
the Appendix. 
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General Remarks on Electrochemical Measurements. A Bioanalytic Systems CW-50 potentiostat, 1 
mm diameter Pt disk working electrode, curly Pt wire counter electrode, and Ag wire pseudo-reference 
electrode were used for all measurements. All measurements are corrected to Cp2Fe0/+ by the addition of 
Cp2Fe as an internal standard.  
Cyclic Voltammetry of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2. Measurements were made in 
0.1 M [N(n-Bu)4][B(C6F5)4] or 0.5 M [N(n-Bu)4][PF6] solutions in THF. Cyclic voltammograms of 
2[B(ArF)4]2 were performed for a range of scan rates from 50 to 1000 mV/s and concentrations ranging 
from 40 μM to 4 mM without change in the Ipc/Ipa ratio for either of the two Faradaic processes.  
Spectroelectrochemical 2e– Oxidation of (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2. A curvette was loaded with a 0.5 
M THF solution of [N(n-Bu)4][PF6] was sealed with a silicone septum and fitted with electrodes: a Pt 
mesh working electrode, a Pt wire auxiliary electrode, and a Ag wire pseudo-reference electrode. The 
sealed cuvette was removed from the glovebox and placed under positive Ar pressure. The electrolyte 
solution was stirred and a –200 mV potential was applied across the cell. Then 50 μL of a 1.35 mM THF 
stock solution of 2 was injected into the cell. An immediate response in both current and absorbance was 
noted. UV-vis spectra were acquired continuously in 0.5-s intervals until no further change in the 
absorbance was noted. Spectra are baseline corrected with respect to an average baseline between 750 nm 
and 850 nm where the absorbance is close to 0 for all three chromophores.  
Spectroelectrochemical Reduction of (μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2, at an Optically 
Transparent Thin-Layer Electrode (OTTLE). A solution of 22+ was prepared by dissolving 2[B(ArF)4]2 
into a solution of 0.5 M [N(n-Bu)4][PF6]/THF. A UV-vis spectrum of this solution was taken before 
electrodes were connected OTTLE and after the electrodes were connected, at a potential of –50 mV. No 
spectral change was noted between these two spectra of 22+. The potential was then moved to –750 mV 
where changes in the visible region absorbance were observed. The OTTLE was held at –750 mV until no 
further spectral changes occurred. Returning the potential to –50 mV quantitatively regenerated the initial 
spectrum. All spectra had a background spectrum 0.5 M [N(n-Bu)4][PF6]/THF subtracted. The OTTLE 
design was adapted from literature descriptions.105,106 The OTTLE contained both a KBr and a glass 
window. A 100 mesh Pt grid, Ag wire, and Pt wire were used to generate a potential difference across the 
cell. The design of the OTTLE is detailed in the Appendix. 
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Chapter Two 
Photochemistry and Photophysics of 
(μ-N2)[Mo(N[t-Bu]Ar)3]2 
 
     
The nature of the electronic transition responsible for the visible-region absorption in  
[(μ-N2)[Mo(N[t-Bu]Ar)3]2]n+, 2n+, (n = 0, 1, 2) is proposed upon empirical observations. The 
assignment of this transition is corroborated by TDDFT calculations. Additionally, these 
calculations are used to compare the electronic structure of the series of complexes defined by 
2n+. Insights into the electronic structure of 2 led to the discovery of a photochemical reaction 
that forms N≡Mo(N[t-Bu]Ar)3 and Mo(N[t-Bu]Ar)3 through competing N–N bond cleavage and N2 
extrusion reaction pathways. The primary quantum yield for this reaction is 0.05. Ultrafast 
transient absorption spectroscopy was used to follow the dynamics of the photoreaction. These 
experiments revealed limitations for the timescale of this reaction that have mechanistic 
implications. Additionally, these experiments indicate that a vibrational excited state is 
coherently formed following photolysis. This vibrational mode is discussed in the context of 
potential mechanisms for the photochemical reaction.  
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Introduction 
The N2 cleavage reaction mediated by three-coordinate molybdenum trisanilide, Mo(N[t-Bu]Ar)3, 1, 
proceeds through the intermediate, (μ-N2)[Mo(N[t-Bu]Ar)3]2, 2, before breaking the N–N bond to form 2 
equiv of N≡Mo(N[t-Bu]Ar)3, 3.1-4 In the previous chapter, a procedure for isolation of the key 
intermediate was discussed, and the physical properties of 2 were compared to its 1e– and 2e– oxidation 
products: [(μ-N2)[Mo(N[t-Bu]Ar)3]2][BArF4], 2[BArF4], and [(μ-N2)[Mo(N[t-Bu]Ar)3]2][BArF4]2, 
2[BArF4]2. Moreover, a unified molecular orbital description was proposed for this series of three 
compounds. In order to theoretically substantiate the proposed orbital model, density functional theory 
(DFT) calculations were carried out for the series of compounds defined by 2n+ (n = 0, 1, 2), and the 
results are discussed in this chapter. During the course of exploring the electronic structure of 2, it came 
to our attention that the electronic origin of the intense, purple color of 2 had not been definitively 
assigned. It is surprising that this point has not been explored by theory, in view of the large number of 
theoretical treatments of 2.5-12 To address the electronic transition that is responsible for this absorption, 
time-dependent density functional theory (TDDFT) is implemented. 
This chapter also explores photochemical activation of the N–N bond in 2. To our knowledge, only 
one experimentalist has adopted this strategy; Floriani reported an example of photochemical N–N bond 
cleavage involving the thermally stable compound (μ-N2)[Mo(Mes)3]2 (Mes = 2,4,6-Me3C6H2).13 
Recently, the idea that inert, linear μ-N2 complexes might engage in photochemical reactions that 
productively use the N2 fragment has been revived by theoreticians.14 Along these lines, Reiher and 
coworkers recently suggested that select μ-N2 complexes may contain low-lying excited states that are  
N–N antibonding in character with reference to the ground state. These authors described a geometric 
distortion of the MNNM (M = Fe, Ru) core from a linear to a trans-bent, “diazenido-like” structure in the 
first singlet excited state. We felt that this “diazenido-like” core resembled the putative zig-zag transition 
state for cleavage of the N–N bond. This analogy compelled us to explore possible photoreactions 
occurring from the MoNNMo core.  
In this chapter, the origin of the optical absorption of 2 is assigned with the aid of TDDFT theory, and 
a photochemical reaction of 2 that forms two products, 1 and 3, is described. Ultrafast transient absorption 
experiments were carried out to shine light on the mechanism of this reaction.  
Photophysics of (μ-N2)[Mo(N[t-Bu]Ar)3]2 
Electronic Absorption Spectra. Complexes 2, 2[BArF4], and 2[BArF4]2 each have an intense absorption 
in the visible region of the electromagnetic spectrum. This absorption band shifts only slightly in energy 
and maintains the same approximate intensity in all three complexes (Figure 1). In view of the related 
electronic structures of these three molecules, it seemed natural to ascribe the absorption to a common 
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origin. Because the unpaired electrons in 2 and 2[BArF4] make available a number of electronic 
transitions, the diamagnetic complex 2[B(ArF)4]2 appeared to have the most straightforward assignment 
for its visible absorption. It is convenient to make use of the approximate S6 symmetry of these molecules 
when discussing their electronic transitions. When restricted to this symmetry, both the HOMO–1 and 
HOMO calculated by DFT for 22+ transform as eg, whereas the LUMO and LUMO+1 transform as eu 
(Figure 2). Treating 22+ in S6 symmetry, the first allowed transition corresponds to eg4eu0 → eg3eu1; this is 
equivalent to a combination of the two 1e– transitions it describes: HOMO–1 → LUMO and HOMO → 
LUMO+1. Phrased in terms of a transition between molecular states, rather than molecular orbital 
contributions, this assignment is written as a 1Au ← 1Ag transition. Due to both the allowed nature of this 
transition and the involvement of orbitals that are closest in energy (i.e., the HOMO and LUMO), this 
assignment appears attractive for 22+. A transition that moves 1e– from an eg to an eu orbital set is available 
for both 2+ and 2, corresponding to the respective 2Eg ← 2Eu and 3Au ← 3Ag transitions. As a result, the 
described model for a transition between electronic states provides a rationale for the similar energy of the 
visible absorption for compounds in the series 2n+.  
Comparison of Electronic Structure. The physical argument presented above assumes that the relative 
energies and compositions of the frontier orbitals are conserved throughout the series 2n+. In order to 
confirm this hypothesis, DFT-geometry optimized structures were obtained for these three compounds, 
using the crystallographic atomic positions as starting geometries. The results of these calculations 
indicated that the relative positions of the frontier orbitals are maintained throughout the series (Figures 2 
and 3). For this reason, only the orbitals corresponding to 22+ will be explicitly discussed.  
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Figure 1. Extinction coefficient plots for 2 ( ) in Et2O, 2[B(ArF)4] ( ) in CH2Cl2, and  
2 [B(ArF)4]2 ( ) in CH2Cl2 are shown 20 °C. 
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Figure 2. Frontier molecular orbitals drawings for 22+ obtained using the BP86 functional, restricted to Ci 
symmetry are shown at an isosurface value of 0.037. 
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Figure 3. Frontier orbital energies for 2n+ calculated by TDDFT using the BP86 functional. For the purpose of 
comparison, the highest-energy, non-bonding combination of anilide lone pairs, which is the HOMO–2 for 2n+, is 
arbitrarily set to 0 eV for each species. Occupied orbitals are represented as solid lines while unoccupied orbitals are 
shown as dashed lines. Dotted lines are used to correlate orbitals of like composition.  
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For 22+, the HOMO and HOMO–1 depict bonds between the Mo dπ orbitals and the NN π* orbital. Lower 
in energy is a non-bonding combination of the anilide lone pairs that does not find a symmetry-matched 
orbital on the metal as a consequence of the C3 symmetric field. The LUMO and LUMO+1 are orbitals 
that contain NN bonding character. The partial occupation of these orbitals was used to rationalize the 
shorting of the NN bond length and increase in the νNN, observed by Raman spectroscopy, upon reduction 
of 22+ in Chapter 1. The next eight orbitals contain predominately d orbital character. Above these orbitals 
are the aryl π* and other antibonding orbitals. The fact that the frontier orbitals correspond well across the 
series 2n+ suggested that TDDFT analysis of the entire set of molecules would aid in the assignment of the 
electronic transition proposed above.  
Comparative TDDFT Computations. In order to gain quantitative analysis of the qualitative argument 
made above, TDDFT calculations were initially performed on a series of model complexes:  
[(μ-N2)[Mo(NH2)3]2n+, 2-mn+. These models were built from crystallographic data, so that the geometry 
about the MoNNMo is identical to that found in the respective crystal structure. To test the accuracy with 
which these models predict physical properties, numeric frequency calculations were performed. No 
imaginary frequencies were located; additionally, the predicted νNN values of 1599, 1503, and 1349 cm–1 
were in close agreement with the experimental values of 1630, 1459, and 1349 cm–1 obtained for 2, 2+, 
and 22+.  
One intense, visible transition was located for each for 2-m, 2-m+ and 2-m2+ by TDDFT calculations. 
For 2-m, the calculated energy of 2.71 eV agrees well with the experimental value of 2.29 eV, given the 
simplicity of the model system (Table 2). Additionally, good agreement was found between the calculated 
oscillator strength, f, and the experimental value that is obtained by fitting the visible-region absorbance 
to a single Gaussian curve. Supporting the proposed assignment for the optical spectrum of 2, this 
transition was described by a eg4eu2 → eg3eu3 change in electronic configuration. To ensure that TDDFT 
consistently gave the same description of this band, several other functionals were investigated; however, 
no dependence was found upon the chosen functional (Table 3).  
The results obtained for 2-m2+ complemented those described for 2-m. Good agreement was obtained 
for both the energy and oscillator strengths, and the character of the transition corresponded to eg4eu0 → 
eg3eu1. However, the TDDFT description of 2-m+ did not match this trend. For this ion, the visible 
transition was described by a mixture of eg4eu1 → eg3eu2 character and one that moved 1e– from the SOMO 
into a higher-lying orbital, where the latter contribution predominated. Although these results were 
discouraging, knowledge that the 2E state is poorly treated by local density functionals suggested that the 
disparity might reflect the theoretical treatment and not the photophysics of the molecule.15,16  
Motivated by the results obtained for small model systems, we next investigated the TDDFT predicted 
absorption spectra for 2n+ using theoretically optimized geometries for the full molecules. These 
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Table 1. Experimental UV-vis data for 2n+. 
  λ (nm) E (eV) ε f a  
 2 544 2.29 41000 0.2005(7)  
 2+ 508 2.44 38000 0.386(16)  
 22+ 514 2.41 39800 0.403(5)  
a Errors for oscillator strengths are based on the standard deviation of the 
Gaussian fit. 
 
Table 2. TDDFT transitions for  
(μ-N2)[Mo(NH2)3]2n+.a 
 Table 3. Comparison of TDDFT data for  
(μ-N2)[Mo(NH2)3]2 using various functionals. 
 n+ E (eV) f    Functional E (eV) f  
 0 2.71 0.170    BLYP 2.68 0.151  
 1 3.02 0.162    BP86 2.75 0.167  
 2 3.26 0.341    mPBE 2.73 0.166  
a The OLYP functional was used for 
these calculations. 
  OLYP 2.71 0.170  
  OPBE 2.78 0.190  
 
Table 4. TDDFT transitions for 2n+. 
  22+ 2+ 2  
 Functional E (eV) f E (eV) f E (eV) f  
 BP86 2.59 2.62 
0.174 
0.076 2.30 0.264 2.112 0.135 
 
 BLYP 2.58 2.60 
0.154 
0.108 2.29 0.260 2.08 0.132 
 
 B3LYPa 2.82 0.699 2.41 2.55 
0.148 
0.241 2.49 0.457 
 
mPBE 2.60 2.64 
0.220 
0.073 2.30 0.209 2.11 0.131 
 
 OPBE 2.57 0.405 2.29 0.202 2.151 0.160  
 OLYP 2.64 0.49 2.29 0.259 2.13 0.114  
 VWN 2.67 0.356 2.25 0.286 1.99 0.113  
a The LANL2DZ basis set was used for Mo and CC-pVDZ for N.  
For all calculations, a QZ4P basis set was used for Mo, and a TZ2P basis set for N, unless otherwise noted.  
Results using the augmented ADZP basis set for N and TZ2P for Mo: 22+: BP86 E = 2.57 eV, f = 0.358; BLYP 2.57, 
0.365; mPBE 2.58, 0.250; OPBE 2.56, 0.217; OLYP, 2.53, 0.159 and 2.56, 0.115; VWN 2.55, 0.339. 2+: BLYP E = 
2.29 eV, f = 0.260. 2: BLYP E = 2.18 eV, f = 0.159.  
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calculations consistently predicted both the energy and oscillator strengths of the transitions for 2n+ using 
several pure DFT functionals (Table 4). The only hybrid functional investigated, B3LYP, consistently 
predicted transitions at slightly higher energies and gave oscillator strengths that were approximately 
twice the value found using the pure functionals.  
Full-molecule TDDFT calculations for 2 indicated a transition that was composed of ca. 40% eg4eu2 → 
eg3eu3 character. Unfortunately, these transitions were contaminated by an equal contribution of the 
HOMO or HOMO–1 to the LUMO+12 or LUMO+13. These high-energy orbitals are predominately 
described as by π* combinations of the aryl rings on the anilide ligand. Therefore, the transition can 
formally be described as a MoNNMo core to ligand charge transfer (CT). Such a CT band seemed 
dubious; moreover, it is well-accepted that pure DFT functionals underestimate the energy of CT  
bands.17-19 In agreement with this expectation, application of the hybrid functional, B3LYP, suppressed 
CT character, and the eg4eu2 → eg3eu3 transition was found to predominate describing ca. 80% of the 
transition. These results agree well with those obtained for the model system, 2-m, which lacks the aryl 
ring. Taken together, these calculations present a consistent description of the optical absorption band.  
Similarly, for 2+ more than 40% of the transition was found to be composed of three possible 
transitions that correspond to eg4eu1 → eg3eu2. In fact, CT transitions to high-energy orbitals did not 
complicate the analysis for this species. Treatment of 2+ by B3LYP results in a split transition where the 
sum of the two oscillator strengths is equal to the predicted value for f (Table 4). In contrast to the 
TDDFT results for 2-m, we suggest that the treatment of 2+ is theoretically simpler to treat because the 
presence of ‘real-world’ ligands breaks the degeneracy of states that is present in C3 symmetry. This 
relieves the multiconfigurational problem, presented by the 2Eu ground state, which is known to be 
problematic for TDDFT.15,16  
To assign the character of the transition for 22+ we found that it was important to use an augmented 
basis set to describe nitrogen when pure DFT functionals were used. Augmented basis sets contain extra 
diffuse functions that more accurately predict the excited state properties of electronegative atoms.20 
When smaller basis sets that lack the extra diffuse functions are employed, pure DFT describes an optical 
transition that is largely HOMO → LUMO+2 in character, whereas the eg4eu0 → eg3eu1 transition is found 
at lower energies (ca 1.6 eV). However, such results agree neither with those found using the B3LYP 
hybrid functional nor with those found for 2-m2+. The discrepancy between the hybrid and pure functional 
treatments of 22+ is highlighted by the ca. 80% eg4eu0 → eg3eu1 character ascribed to the same transition by 
B3LYP. Moreover, upon treatment of nitrogen with an augmented basis set, the character of the transition 
described by most of the pure functionals investigated is altered, and now is composed almost entirely of 
eg4eu0 → eg3eu1 character. The energy of this transition is relatively unaffected by the change in basis set 
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(Table 4, footnote). Additionally, employment of an augmented basis set resulted in a more accurate 
approximation of the oscillator strength given by the BP86 and BLYP functionals. Only the character of 
the transitions given by the OLYP and OPBE functionals was not changed by the implementation of a 
larger basis set. This suggests that the use of the OPTX21 exchange treatment is responsible for the 
discrepancy; however, the reasons for the computational difference remain unclear.  
Curious as to why the character of the TDDFT-predicted transition for 22+ is sensitive to the basis set 
size, we reexamined the orbital energies for the species 2n+. Inspection of the orbital energies obtained for 
22+ using a standard basis set gave insight into this question. These calculations resulted in an energy gap 
between the HOMO and HOMO–6 that was less than 0.05 eV when pure DFT functionals were used 
(Figure 3). The corresponding energy gap is larger for both 2 and 2+, as well as for 2-mn+. This suggested 
that the density of states near the HOMO of 22+ favored the HOMO → LUMO+2 transition. In support of 
this conclusion, calculations carried out with augmented basis sets or using the B3LYP functional for 22+ 
displayed greater separation of orbitals near the HOMO. Furthermore, TDDFT calculations for 2 and 2+ 
using an augmented basis set for nitrogen and the BLYP functional gave results that agree with those 
described above in both the energy and character of the transition.  
In summary, the comparison between the UV-vis spectra of three complexes 2n+ was used to justify 
the hypothesis that the primary transition for 2 is the eg4eu2 → eg3eu3. TDDFT calculations on model 
systems, 2-m2+, and optimized full molecules supported this hypothesis. In validating this hypothesis, a 
fundamental question regarding the origin of the purple color of 2 has been answered. The same optical 
transition is likely operative in related μ-N2 complexes such as (μ-N2)[Mo[(R)N(CH2)2]3N]2)3]2 (R = 
Me3Si, Me2[t-Bu]Si, 4-t-BuC6H4), (μ-N2)[Mo(Mes)3]2 which are also reported to be darkly colored. 
Moreover, knowledge of the electronic origin of this transition allows it to be used as a spectroscopic 
probe of the energy separation between the Mo–N π bonding and N–N bonding frontier orbitals in these 
and related complexes.  
Photochemistry of (μ-N2)[Mo(N[t-Bu]Ar)3]2 
Bulk Photolysis of 2. Having explored the nature of the visible-region electronic transition of 2, we now 
describe a photochemical reaction which occurs upon irradiation. To isolate the visible absorbance, it was 
convenient to use the 546-nm Hg-line of an Hg-Xe arc lamp. Irradiation of 2 in Et2O at this wavelength 
results in a rapid bleach of the band centered at 542 nm, accompanied by a slight increase in absorbance 
near 430 nm (Figure 4). Bulk photolysis of 2 was carried out using broadband light (λirr ≥ 480 nm) at –78 
°C, at which temperature 2 is sufficiently thermally stable to isolate the photochemical process. Treatment 
of 2 in this way forms a mixture of 1 and 3 in an approximate 1:1 ratio, while releasing 0.5 equiv of N2 
(Scheme 1).22 This procedure was repeated with 15N2-2 to unambiguously demonstrate that 15N-3  
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Figure 4. The UV-vis stack plot shows the bleach at 544 nm that accompanies 1-s periods of irradiation  
(λirr = 546 nm) of 2.  
(15N NMR: δ = 839.5 ppm) is formed from the μ-N2 ligand. Working with Tim Cook, the efficiency of the 
photoreaction was assayed at –78 °C by both ferrioxolate and Reinieke salt actinometry at λirr = 546 
nm.23-25 Both methods determined a primary quantum yield of Φp = 0.05 with respect to 2. 
In contrast to thermal N–N bond cleavage by 2, the photochemical fragmentation of 2 produces both 1 
and 3 (Scheme 1). The observed bifurcation of the reaction path in the photoreaction of 2 is intriguing. 
Loss of N2 from 2 is a process reminiscent of N2 extrusion from organic azo complexes,26-29 and most 
likely proceeds from an electronic excited state. The other process, cleavage of the N–N bond, resembles 
the thermally-induced fragmentation of 2. However, the related photochemical N–N cleavage reaction 
discussed for (μ-N)[Mo(Mes)3]2 has not been observed under thermal conditions, suggesting that the 
electronically excited states might also play a role in N2 cleavage as well. The information gained from 
bulk photolysis studies is insufficient to further speculate upon the mechanism of the observed 
photochemistry. 
The competition between N–N bond fragmentation and N2 extrusion described above may be 
responsible for the isolation of (μ-N)[Mo(Mes)3]2 upon bulk photolysis of (μ-N2)[Mo(Mes)3]2. Floriani 
proposed that photolysis of (μ-N2)[Mo(Mes)3]2 cleaves the N–N bond. This process produces 2 equiv of 
NMo(Mes)3 that are quickly trapped by (μ-N2)[Mo(Mes)3]2 forming (μ-N2)[Mo(Mes)3NMo(Mes)3]2 
(Scheme 2), and loss of N2 from this putative tetramolybdenum intermediate was the favored explanation 
for the observed products.13 An alternative mechanism is that both NMo(Mes)3 and Mo(Mes)3 are rapidly 
formed during photolysis and recombine to form (μ-N)[Mo(Mes)3]2 (Scheme 3). 
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This latter mechanism agrees well with our observed product ratio obtained by bulk photolysis. The 
absence of a μ-nitrido product in our case is a consequence of the large kinetic barrier toward forming a 
μ-nitrido when bulky tert-butyl anilide ligands are present.30-32 In fact, it has been shown that 1 does not 
react with 3 to give a μ-nitride product due to the steric constraints.4,30 
Ultrafast Transient Absorption Spectroscopy. In an attempt to monitor the dynamics of this 
photoreaction, the electronic transient absorption spectrum was acquired immediately following 
photolysis of 2 with a 544-nm, 10-ns laser pulse at 20 °C. The transient absorption (TA) spectrum 
matched a digitally subtracted spectrum of 2 and products formed during photolysis, indicating that 
product formation is completed within the 10-ns laser pulse (Figure 5). Single-wavelength kinetics, 
obtained by monitoring the bleach at 530 nm, agree with this result. These data indicate that transient 
absorption measurements needed to be performed on a faster timescale to capture the dynamic behavior 
that precedes product formation.  
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Figure 5. (black) TA spectrum for the photolysis of 2 after a delay of 10 ns. (blue) Difference spectrum for 2 and 
the product mixture produced by bulk photolysis. This TA spectrum was acquired by Steven Reece. 
The lack of observed dynamics in the nanosecond-resolved transient absorption spectrum compelled 
us to monitor the spectral changes at better resolved timescales. A significant enhancement in 
chronometric resolution was obtained in collaboration with Adam Huss and David Blank. At the 
University of Minnesota, TA experiments with 60-fs resolution were carried out at –78 °C using a 535-
nm excitation wavelength. In these experiments, the bleach of the absorption at 544 nm is completed 
within 50 fs (Figure 6). In fact, much of this absorption band has already disappeared when the pump and 
probe pulses arrive simultaneously. However, the loss of this absorption is only temporary, and the band 
returns during the following 400 ps, after which only a small amount of the original absorption is absent. 
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This net change in absorption during the TA experiment is consistent with a net consumption of 2 during 
the photoreaction.  
Concomitant with the bleach at 544 nm, a new absorption signal, centered at 475 nm, appears, and this 
band is already visible when there is no time-delay between the pump and probe pulses. Both the bleach 
and the band at 475 nm approach baseline values within the same approximate timescale. This correlated 
behavior is evident in single-wavelength fits to the data taken at 450 and 550 nm (Figure 7).33 At the 
longest timescales observed in this experiment, a small positive TA signal remains in the single-
wavelength data is that the trace at 450 nm and a negative TA signal at 550 nm. These observations are 
consistent with those results obtained by nanosecond TA spectroscopy (Figure 5). The negative TA found 
at 550 nm is attributed to both the consumption of 2 during the photoreaction and a population of 
molecules that remain vibrationally excited after 5 ps.  
A broad, positive transient absorption that is bathochromically shifted away from the 542 nm 
maximum absorbance of 2 is present during the first 5 ps following the excitation pulse. The position of 
this band is consistent with 2 in a vibrationally excited state. Evidence for a vibrationally excited species 
is provided by single-wavelength kinetics data taken at 600 nm that show an undulating curve (Figure 8). 
The oscillations that modulate the exponential decay are caused by a coherently excited molecular 
vibration. Spectral beats caused by coherent vibrations have been observed in other cases, wherein a short 
pump pulse is used to excite a sample.34 Fitting of the beats gives a frequency of 72 cm–1. Possible 
vibrational modes to which these beats correspond are discussed below.33 
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Figure 6. (left) Decay of absorbance at 542 nm and build-up of a transient at 480 nm. (right) Decay of the transient 
and recovery of the absorption at 542 nm. The timescale is indicated in ps in both graphs.  
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Figure 7. Normalized, single-wavelength TA intensity for 450 and 550 nm. Individual data points are plotted as 
point with fits to this data overlaid as lines.  
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Figure 8. Normalized, single-wavelength TA intensity at 600 nm. The oscillation in the exponential decay was fit 
to a Brownian oscillator with a frequency of 72 cm–1 and damping of 12 cm–1. 
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Scheme 4. 
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Mechanism of the Photochemical Reaction. Two limiting mechanisms may explain these reaction 
dynamics. First, the bleach of 2 may be due to the formation of a short-lived electronically excited state. 
A second possibility is that two photoproducts are quickly formed via an impulsive bond dissociation, and 
the solvent-trapped photofragments quickly reform 2 (Scheme 4). Both possibilities will be discussed in 
the context of the TA spectroscopy data. In particular, the assignment of the electronic transition and 
observation of quantum beats will be used as criteria to exclude certain pathways. These beats are 
underdamped and persist for longer than 2 ps. Therefore, any proposed mechanism ought to account for 
the phase memory of the vibration, suggesting that a shared nuclear coordinate is followed synchronously 
by a substantial population of molecules. The observed beats have a frequency of 72 cm–1 that 
corresponds to some vibrational mode of 2. Intriguingly, a cis-bending mode of the MoNNMo core is 
located at 83 cm–1 by DFT, and trans-bending modes are also nearby in energy. These vibrational modes 
are logically connected to the reaction dynamics of the MoNNMo core and may be responsible for the 
beats seen in the TA spectrum.  
Upon absorption of one photon by 2, the optical band centered at 542 nm disappears, and a new band 
appears 475 nm. The hypsochromic shift of this newly-formed spectral feature is consistent with a 
stimulated absorption from the excited state into a higher-energy state. Earlier in this chapter, the 
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electronic transition of 2 was assigned as a 3Au ← 3Ag. This transition results in an electron configuration 
of eg3eu3 for the frontier orbitals, leaving an accessible hole in the HOMO. An electronic transition from 
the initially-formed excited state to the 3Ag-symmetry, two-electron excited state—having an eg2eu4—
configuration is one possible origin of such a stimulated absorption. Furthermore, the Jahn-Teller 
instability that exists in the 3Au excited state is expected to result in a distortion of the MoNNMo core 
away from linearity.35 In particular, an E symmetry vibration, which could take the form of either a cis- or 
trans-bending mode of the MoNNMo core, may couple to the electronic transition to relieve the orbitally-
degenerate nature of this molecular state. Such a vibrational mode is consistent with the origin of the 
quantum beats we suggested above; however, these beats are observed at 600 nm, not 475 nm.  
Due to the energy discrepancy between the initially-formed excited state and the quantum beats, we 
looked for lower-energy excited states by TDDFT using the BP86 functional. This search revealed the 
presence of a 3Eu state that lies 0.2 eV below the initially-formed excited state. Therefore, such a state 
could be accessible by decay of the 3Au state. The 3Eu state also has an electron configuration of eg3eu3; 
however, there is no spin-allowed transition that moves 1e– between the eu and eg sets; accordingly, 
absorptions that originate from transitions between these two orbital sets are expected to have little 
intensity. This picture is entirely consistent with the quantum beats that occur from an electronic state that 
has a cis- or trans-bent geometry and absorbs weakly at 600 nm. This scenario provides a satisfactory 
account of the photophyscial phenomenon. However, such an explanation does not provide a means to 
obtain two distinct photoproducts that are isolated by bulk photolysis. As a result, the remaining 
discussion will focus on the impulsive dissociation/geminate recombination model that lends itself to 
rationalizing the products (vide infra).  
The optical band for 2 was attributed to an electronic transition that promotes 1e– from a Mo–N 
bonding orbital to an N–N bonding orbital. Furthermore, in the previous chapter it was shown that adding 
electrons to the N–N bonding orbital results in a shorter/stronger NN bond. These considerations suggest 
that the absorption of one photon during the TA experiment will strengthen the NN bond. Strengthening 
the NN bond in the immediately formed excited state is inconsistent with N–N bond cleavage from the 
same state (Scheme 4). A dissociation event consistent with a stronger NN bond is N2 extrusion from the 
excited state to form N2 and 2 equiv of 1. Because these three species are trapped in a solvent cage, it is 
conceivable that they would recombine. However, based on the known solution chemistry of 1, one would 
expect the fragments to combine in a stepwise fashion: 2 equiv 1 + N2 → 1 + NNMo(N[t-Bu]Ar)3 → 2.36 
Imagining a scenario wherein a stepwise recombination maintains vibrational coherence is difficult; 
therefore, the proposed N2 extrusion pathway is inconsistent with the long-lived quantum beats. 
An alternative dissociation event that results in a stronger NN bond is the formation of 1 and 
NNMo(N[t-Bu]Ar)3, 1-N2, via Mo–N bond cleavage (Scheme 4). The latter is a thermally unstable 
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species that has been invoked in a number of ground state reaction mechanisms of the Mo(N[t-Bu]Ar)3 
system.4,36 Moreover, the absorption at 475 nm, seen immediately upon the uptake of a photon by 2, is 
consistent with those of similar species (i.e., for N2Mo([(HIPT)NCH2CH2]3N, HIPT = 3,5-C6H3(2,4,6-
C6H2(i-Pr)3)2, λ = 455 nm).37,38 However, explaining how coherence is maintained throughout Mo–N 
bond rupture and recombination process still requires a model. It is reasonable to expect solvent 
rearrangement to be slow with respect to the dissociation dynamics which are completed within the first 
50 fs following photolysis. Therefore, it is our suggestion that the two photofragments are formed in a 
solvent environment that remains prepared to accommodate 2. Consequently, separation or reorientation 
of the two photoproducts is inhibited by the surrounding solvent; the solvent limits the degrees of 
freedom of the (Ar[t-Bu]Ar)3Mo…N≡N–Mo(N[t-Bu]Ar)3 structure. An alternative description of such a 
model is that the solvent increases the energetic barrier to the separation of the two nuclei, Mo and N, 
along the nuclear coordinate for their dissociation. This description suggests that the limiting case in 
which the Mo–N bond is entirely broken is an oversimplification, and that the bond, although weakened, 
is at least partially conserved throughout the dynamics that ultimately give rise to a coherent vibrational 
mode of 2. Dynamics related to those described herein have been observed in the solvent-assisted 
recombination of CpMo(CO)3 radicals.39-41 Importantly, such studies indicated that in contrast to organic 
radicals, a spin-forbidden recombination is not observed, presumably due to the large spin-orbit coupling 
imparted by Mo.42  
The products formed during photolysis may be rationalized by using the model presented for Mo–N 
bond breaking and reformation. If a small fraction of 2 is unable to efficiently recombine, 1-N2 and 1 will 
be formed. At long times, this mixture will give 2 equiv of 1, as 1-N2 has been shown to release N2.36 The 
observation of quantum beats originating from a vibrationally excited state of 2 suggests that N–N bond 
cleavage occurs from the electronic ground state through a thermal mechanism. These vibrationally hot 
molecules will have a reduced barrier to N–N bond cleavage in comparison to molecules that occupy the 
vibrational ground state. The reduced kinetic barrier available to these molecules may be enough to access 
the thermal pathway for N–N bond cleavage. 
In summary, we have suggested that Mo–N bond cleavage forms two transients, one of which is 
responsible for the absorption at 425 nm. The two photofragments recombine to form 2, but the limited 
efficiency of the recombination step leads to the formation of 1. The nitride product 3 is formed by N–N 
bond cleavage from a vibrationally excited state of 2–in analogy to the known solution chemistry of this 
species. This proposal is consistent with the available data; however, other models, including those that 
result from competing reaction pathways, are possible. Experiments that monitor transients in this process 
by vibrational spectroscopy could prove useful to further understanding the described dynamics. Using 
the N–N oscillator as a reporter would allow many of these mechanistic possibilities to be distinguished. 
74 Chapter Two
  
Furthermore, this technique could be used to directly prove or disprove the intermediacy of 1-N2 as a 
photofragment.  
Conclusions 
The nature of the electronic transition that is revealed in the purple color of 2 has been assigned using 
a combination of empirical observations and TDDFT studies. This transition has now been demonstrated 
to give rise to a photoreaction that has complicated dynamics at highly resolved timescales. These 
dynamics have been discussed in the context of limiting models that explain the observables. Moreover, 
mechanistic insight gained from this study has been applied to Floriani’s previously reported 
photochemical cleavage of (μ-N2)[Mo(Mes)3]2;13 for which a more concise, revised mechanism is 
proposed. Further exploration of the photochemically induced reactions of linear μ-N2 complexes appears 
to be a promising field for future work. For instance, it is tempting to apply our finding of photochemical 
N–N bond scission to a number of systems (MoNNMo) that contain the requisite number of electrons for 
6e– cleavage but are thermally stable.43-47 
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Photochemical Reactions 
General Remarks. Photochemical reactions were performed using a 1000 W, high-pressure Hg/Xe arc 
lamp (Oriel) as a broadband light source. The broadband light was passed through a water-jacket cooled, 
long wavelength pass filter (480 nm, Oriel) followed by an aperture and a culminating lens. The light was 
focused onto the sample through a Pyrex beaker used as a cooling bath. Samples of 2 were contained in a 
sealed-cuvette or pyrex flask under an N2 atmosphere. 
Bulk Photolysis of 2. To a 250 mL Schlenk flask containing 2 (200 mg, 0.157 mmol) was added 200 mL 
Et2O. The mixture was rapidly stirred at 20 °C to form a purple solution. The solution was then cooled to 
–78 °C in a dry-ice/EtOH bath before it was exposed to broadband light (λ ≥ 480 nm). The solution was 
stirred during photolysis and remained purple in color for 10 min. Then the solution rapidly took on a 
yellow-orange hue and the reaction was judged to be complete. The solution was stripped of solvent 
under a dynamic vacuum yielding 196 mg (99% based on products, vide infra) of material. The solids 
were taken up in 50 mL Et2O to form a homogenous solution. A 3 mL aliquot was taken from the 
solution, dried under a dynamic vacuum, and dissolved in C6D6 for 1H NMR analysis. The 1H NMR 
spectrum showed the production of both 1 and 3 during photolysis. A 20 mL aliquot taken from the Et2O 
solution, was transferred into a 50 mL Schlenk flask, cooled to –78 °C, and exposed to NO gas (2.0 mL, 1 
atm, 1.3 equiv based on 2). The reaction was stirred at –78 °C for 10 min, then the cooling bath was 
removed and the reaction stirred for an additional 10 min, and then the solvent was removed under a 
dynamic vacuum. The residue was taken up in C6D6 for 1H NMR analysis.  
Two diamagnetic materials: 3 and ONMo(N[t-Bu]Ar)3 were observed by 1H NMR spectroscopy. No 
resonances attributable to 1 were located in the 1H NMR after treatment with NO, as the reaction between 
1 and NO has previously been shown to be both rapid and quantitative.48,49 Integration of the tert-butyl 
resonances ONMo(N[t-Bu]Ar)3 and 3 indicated a 56:44 ratio between the two products. This corresponds 
to a 56:44 ratio of 1:3 formed during photolysis.  
Procedure for Quantum Yield Determination. Light from 1000 W arc lamp was passed through a 480 
nm long wavelength pass filter followed by a 546 nm line filter. Samples were loaded into matched 
curvettes (Starna), placed in an immobile curvette holder, and stirred during irradiation. To ensure that 
thermal reactions were not competing with the photochemical process, the absorbance spectrum of the 
sample prior to irradiation was compared to a duplicate sample that was stored in the dark during 
irradiation. These manipulations were carried out under a red dark room lamp to minimize photolysis 
from ambient light. The quantum yield was calculated using the following equation:  
 
=Nt
Virr∆AφεtirrlF
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where N/t is the number of moles of photons incident on the face of the cuvette per unit time, Virr is the 
sample volume, ΔA is the change in absorbance of the sample at a given wavelength, φ is the quantum 
yield, ε is the molar extinction coefficient of the sample, tirr is the time of irradiation, l is the pathlength of 
the sample, and F is the mean fraction of light absorbed. The intensity of the incident light was 
determined by chemical actinometry using both Reineke’s salt and potassium ferrioxalate. The 
actinometry was staggered with respect to sample photolysis to confirm the stability of the photon flux. 
Both actinometric procedures are described. 
Reineke’s Salt Actinometry. A 0.05 M solution of K[(H3N)2Cr(NCS)4] in water was irradiated for 20 s 
at 20 °C. The absorbance of the solution at 545 nm was measured before and after irradiation to determine 
the mean fraction of light absorbed. The number of moles of Reinecke salt reacted was determined by 
assaying the amount of Ferric thiocyanate formed. An aliquot of 1 mL of photolyzed sample was 
combined with 4 mL of an aqueous 0.1 M Fe(NO3)3/0.4 M HClO4 solution. The solution was allowed to 
stand for 1 min before the absorbance of Fe3+ thiocyanate at 450 nm was recorded.23,25 The procedure was 
then repeated with an unphotolyzed solution of the Reinecke salt to account for thermal reactivity. Three 
runs were averaged to determine the intensity of light incident on the sample.  
Potassium Ferrioxalate Actinometry. The absorbance of a 0.15 M solution of K3[Fe(C2O4)3] was 
measured at 550 nm measured before and after the solution was irradiated for 20 min at 20 °C, to 
determine the mean fraction of light absorbed. The number of moles of ferrous ion produced was then 
determined by quantifying the amount of [Fe(phenanthroline)3]2+ produced upon treatment with 
phenanthroline. This was accomplished by adding 1 mL of photolyzed sample, 0.5 mL of acetate buffer 
(600 mL of 1 M NaOAc and 360 mL 0.5 M H2SO4 diluted to a total volume of 1 L), and 2 mL of a 0.1 % 
aqueous phenanthroline solution to 10 mL of deionized water. After standing for 15 min the amount of 
[Fe(phenanthroline)3]2+ was determined by measuring the absorbance at 510 nm (ε = 11100 M–1 cm–1).23,24 
The procedure was repeated with a sample of unphotolyzed ferrioxalate. Three runs were averaged to 
determine the intensity of light incident on the sample. 
Photolysis of 2. The absorbance of Et2O solutions of 2 was determined by measurement of the 
absorbance at 544 nm before these solutions were irradiated at –78 °C for 2 s intervals, and the 
absorbance at 544 nm was again measured after irradiation. The change in absorbance at 544 nm was 
used to determine the number of moles of 2 undergoing photolysis. Prior to irradiation, solutions of 2 
ranged in concentration from 60 to 19 μM (ε = 41000 M–1 cm–1). Varying the concentration within this 
range had a negligible effect upon the measured quantum yield. Samples of 2 stored in the dark at –78 °C 
showed no appreciable absorbance change during the timescale of the photolysis experiment, indicating 
thermal reactivity was negligible. Three runs were averaged to obtain quantum yields by the 
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K[(H3N)2Cr(NCS)4] method Φp = 0.0505 (σ = 0.00689), and by the K3[Fe(C2O4)3] method Φp = 0.0505 (σ 
= 0.0136). 
Transient Absorption Spectroscopy 
Nanosecond-Resolved Transient Absorption Measurements. Excitation (pump) light (525-560 nm) 
was provided by a tunable MOPO-OPO system that was pumped by the third harmonic ouptut of a 
Quanta Ray Lab–190 Nd:YAG nanosecond pulsed laser (Spectra-Physics). The signal (probe) light was 
provided by a Xe arc lamp (75 W, PTI), focused onto the sample, collinearly overlapped with the 
excitation beam, collimated after the sample, and focused onto the entrance slit of Triax 320 spectrometer. 
The signal light was dispersed by a 300 × 500 blazed grating and collected with either an intensified gated 
CCD camera (ICCD, CCD 30-11, Andor Technology, 1024 × 256 pixels, 26 μm2) for transient absorbtion 
(TA) spectra or a photomultiplier tube (PMT) for TA kinetics at a single wavelength. PMT outputs were 
collected and averaged with a 1 GHz oscilloscope (LeCroy 9384CM).  
To produce a TA spectrum, a series of four spectra were taken: IF (pump on/probe off), I (pump 
on/probe on), IB (pump off/probe off), and I0 (pump off/probe on). Uniblitz shutters driven by delay 
generators (DG535, Stanford Research Systems) and T132 Uniblitz shutter drivers were used to block the 
pump and probe light in this sequence using a TTL trigger from the Q-switch of the laser. Transient 
spectra were corrected for fluorescence and background light using these spectra by the calculation: ΔOD 
= log[(I0 – IB)/(I – IF)]. Spectra reported are the average of 1250 of the four-spectra sequences. The 
instrument control and data analysis were performed by custom software written in LabView. Kinetic 
runs were obtained by monitoring the signal beam at 530 nm. Data was obtained using stirred Et2O 
solutions of 2 in sealed cuvettes at 20 °C. Freshly prepared solutions were used for each data collection. 
Femtosecond- and Picosecond-Resolved Transient Absorption Measurements. A 1000-mL, round-
bottom Schlenk flask containing a ca. 0.07 mM solution of 2 in Et2O was cooled to –78 °C by an dry-
ice/Et2O bath. Under a positive pressure of N2, the solution was drawn out of the flask by a peristaltic 
pump that circulated the solution through a transfer tube and 1 mm flow cell (Spectrosil) before returning 
the sample to the 1000-mL flask. The flow cell was contained in an enclosure that was continuously 
purged with N2, in order to prevent condensation on the exterior of the cell during pump-probe 
experiments. To both measure sample concentration and validate sample integrity, UV-vis spectra were 
taken using a Cary 14, running the OLIS Globalworks software suite, before and after these experiments. 
All fs- and ps-resolved pump-probe measurements were made using a home-built, amplified ultrafast 
Ti:sapphire laser system that has previously been described in detail.50 This apparatus was used to produce 
85 MHz, 200 mW pulses by a mode-locked oscillator pumped by a CW Nd:YVO4 laser that outputs 2.7 
W (Spectra Physics, Millenia Pro). These pulses are amplified by home built regenerative amplifier 
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pumped at 1 kHz , with a Q-switched Nd:YAG laser (Spectra Physics, Empower 15). After compression, 
the 810 nm pulses have an energy of approximately 400 mJ, and are approximately 70 fs FWHM 
assuming a Gaussian profile. Excitation pulses were created by sending the 810 nm pulses into a home 
build two stage noncollinear optical parametric amplifier (NOPA). The output of the NOPA is tunable 
between 450 and 700 nm and is typically 60 fs FWHM.  
The pump-probe experiments were performed with a 535 nm excitation (pump) pulses from the 
NOPA, the residual 810 nm pulse was focused, via a 15 cm lens, into a 3 mm thick piece of sapphire in 
order to create a white light continuum probe (spanning 470–950 nm). The probe continuum was 
collimated using a 2 cm focus parabola and a 5 cm focus parabola was used to focus and cross the 
continuum and the pump beam, with a beam size of 20–40 μm, into the sample. Typical pump energies 
ranged from 50–75 nJ/pulse, and the measured signal was found to be linearly dependent on pump energy 
up to 100 nJ/pulse. After the sample, the probe continuum was collimated using a 5 cm lens and 
subsequently refocused into a Princeton instruments 2150 monochromator from 15 cm after passing 
through a 1 mm cuvette containing an ethanol solution of 0.2 mM 1,1’-Diethyl-4,4’ cyanine Iodide 
(Sigma-Aldrich) used to filter out residual 810 nm light from the laser fundamental. The beam was 
incident on a 150 g/mm grating blazed at 500 nm and was dispersed onto a 256 pixel silicon diode array 
(Hamamatsu). A National Instruments PCI-6132 A/D card was used to read the entire array after every 
laser shot allowing us to collect the entire probe spectrum on a shot-to-shot basis. The frequency of the 
pump beam was modulated to 500 Hz using a chopper wheel to give an alternating set of probe spectra 
with and without the pump present. The change in optical density, ΔO.D., was then recorded for every 
shot pair. ΔO.D. spectra were typically averaged for 90,000 laser shots for each time delay. The 
polarization of the pump beam relative to the 810 nm used to the make the probe was set to the magic 
angle (54.7°) to remove anisotropic effects. The instrument response, measured by crossing the probe 
continuum with the pump beam in an 80 mm thick type 1 BBO crystal (Super Optronics) cut for SFG in 
between 450-750 nm, was found to be relatively independent of probe wavelength and was approximately 
60 fs FWHM. For early time delays (< 1 ps) the signal was corrected for chirp on the white light using a 
correction curve generated by crossing the probe with a high intensity pump pulse in neat solvent, 
generating a cross phase modulation signal51 that was collected via lock-in detection using a photodiode 
(Thor Labs DET 210) fitted with a 10 nm bandpass filter. XPM traces were collected at 7 wavelengths 
from 480–750 nm and fit to determine time zero as a function of probe wavelength.52,53 Time offsets were 
then fit to a quadratic dispersion function, which was used to correct the early time spectra. Full 
frequency data was supplemented with pump probe transients taken at select probe wavelengths using a 
photodiode with a bandpass filter, which was taken with greater density of time points and was fit to 
determine rise and decay time scales of pump probe features. Experiments were repeated using a 560 nm 
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excitation pulse but measured dynamics were found to be identical to the 535 nm data so only the 535 nm 
data is presented here. 
Computational Methods 
General Remarks. Calculations using the functionals BP86, BLYP, mPBE, OLYP, OPBE, and VWN 
were run using the ADF2007 computer program.54-56 Here VWN is the local density approximation 
proposed by Vosko, Wilk, and Nusair.57 BP86 refers to a combination of the gradient correction proposed 
by Becke58 and the correlation term presented by Perdew in 198659 used in conjunction with VWN local 
density approximation. The following abbreviations are used for functional composed of the stated pairs 
of exchange and correlation terms: BLYP, Becke’s exchange model and the correlation term of Lee, 
Yang, and Parr (LYP);60-62 mPBE, a modified PBE exchange correction proposed in 2002 by Adamo and 
Barone63 used with the correlation term presented by Perdew, Burke, and Ernzerhof (PBE);64 OLYP, the 
OPTX exchange correction presented by Handy and Cohen21 combined with the LYP correlation model; 
and OPBE,65 OPTX combined with PBE treatment of the correlation terms. All atoms were treated with 
basis sets that are double-ζ, or larger. In TDDFT calculations Mo was treated with QZ4P or TZ2P basis 
set, and N was treated with the TZ2P or ADZP basis set. These basis sets are included in the ADF 
program. Gaussian0366 was used for the hybrid B3LYP functional which in addition to combining the 
Becke’s gradient correction, the LYP correlation treatment, and the VWN parameterization uses Hartree-
Fock terms to augment the DFT.67 For calculations using Gaussian, the following basis sets were used for 
Mo, LANLDZ;68,69 N, cc-pVDZ;70 C and H, DZ95.69 
All TDDFT calculations were initiated from full-molecule optimized geometries obtained for 2, 2+, 
22+. These optimized geometries were calculated using the BP86 functional while treating all atoms with 
the TZ2P basis set in ADF. For these calculations, the crystallographically-determined structures as 
starting geometry. Accordingly, 2 was constrained to C2 symmetry and 22+ constrained to Ci symmetry 
which were present in the respective crystal structures. The coordinates for these full-molecule optimized 
geometries are listed in the Appendix. Model complexes 2-m, 2-m+, 2-m2+ were constructed from the 
crystallographic coordinates of 2, 2+, and 22+ by replacing the anilide ligand with a hydrogen at a distance 
of 1.021055 Å. The placement of the hydrogen atoms preserved the C–N–Mo–N dihedral angles that 
were present in the crystallographically determined structure. Because these models showed no negative 
frequencies, they were used without geometry optimization. However, TDDFT calculations carried out on 
geometry-optimized versions of these three models gave similar results. 
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Chapter Three 
Synthesis of Nitriles from Dinitrogen: 
A Model for Catalysis 
 
     
Dinitrogen cleavage by Mo(N[t-Bu]Ar)3, 1 (Ar = 3,5-C6H3Me2), provides access to the terminal 
nitride complex N≡Mo(N[t-Bu]Ar)3, 3. This nitride is used as the starting material for a synthesis 
of organonitriles that ultimately returns 1 to complete a synthetic cycle. Electrophilic silicon 
reagents are used to mediate reactions between acid chlorides or chloroethers and 3 to form 
cationic acyl imido or alkyl imido complexes of the formulas [RC(O)NMo(N[t-Bu]Ar)3][OTf] and 
[MeO(R)CHNMo(N[t-Bu]Ar)3][OTf] (R = Me, Ph, t-Bu), respectively. These cationic imido 
complexes are used as precursors to a series of ketimide complexes, R’O(R)C=NMo(N[t-
Bu]Ar)3 (R’ = Me3Si, Me). Treatment of these Mo(IV) ketimide complexes with SnCl2 or ZnCl2 
results in formation of RCN and ClMo(N[t-Bu]Ar)3. The latter may be reduced with Mg0 to return 
1. When the ketimide MeO(H)C=NMo(N[t-Bu]Ar)3 is treated with SnCl2 in the presence of a non-
coordinating base, N≡CMo(N[t-Bu]Ar)3 is formed. Additionally, the electronic structure of the 
Mo(IV) ketimide complexes that is responsible for the nitrile extrusion is discussed.  
   
 
Reproduced in part with permission from Curley, J. J.; Sceats, E. L.; Cummins, C. C. J. Am. Chem. Soc. 
2006, 128, 14036-14037. © 2006 American Chemical Society. 
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Introduction 
The Chatt cycle has served as a model for N2 fixation since the discovery that treatment of 
(N2)2Mo(PMe2Ph)4 with strong acids affords NH3 (Scheme 1).1 In the 30 years after the Chatt cycle was 
proposed, several other synthetic cycles that afford NH3 or N2H4 from N2 have appeared in the 
literature.2,3 Moreover, the Chatt cycle served as a model for a catalytic cycle that was recently discovered 
by Schrock and coworkers.4 Application of these protonation and reduction reactions to a catalytic cycle 
demonstrates the utility of stoichiometric, synthetic cycles as models for catalysis. Therefore, similar 
synthetic cycles that take new approaches to N2 fixation may be important as models for future catalysis.  
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aThe proposed pathway for stochiometric NH3 production from (N2)2Mo(PMe2Ph)4. This cycle has been 
demonstrated to be that followed for the catalytic conversion of N2 to NH3 production by 
N2Mo([(HIPT)NCH2CH2]3N), HIPT = 3,5-C6H3(2,4,6-C6H2(i-Pr)3)2. 
We wished to explore the synthetic utility of the dinitrogen cleavage by Mo(N[t-Bu]Ar)3, 1, as it 
related to nitrogen fixation into organic molecules. In particular, it was felt that use of the terminal nitride 
N≡Mo(N[t-Bu]Ar)3, 3, product resulting from N2 cleavage, might allow us to make a unique contribution 
to nitrogen fixation because the N≡N triple bond has been entirely cleaved prior to reactions that form 
nitrogen-element bonds. For this reason, approaches to N2 fixation that are fundamentally different from 
those realized by the chemistry of coordinated N2 could be explored. Moreover, the increasing number of 
transition-metal reagents that are capable of 6e– reductive cleavage of the N2 molecule to provide well-
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defined terminal or bridged nitridometal products is on the rise.5-13 Therefore, N-atom transfer protocols 
developed for 3 might prove to be useful reactions for other N2-derived nitride complexes as well.  
Reliance upon the intermediacy of ammonia to provide the vast majority of nitrogen feedstocks is a 
synthetically inefficient route to organic molecules containing C–N bonds. Molecules containing these 
bonds could be made in fewer synthetic steps if N2-fixation proceeded with C–N bond formation. We 
sought to couple dinitrogen cleavage by 1 with N-atom transfer from 3 into a C–N bond, in a synthetic 
cycle that returns 1, which is the transition-metal complex responsible for N2 binding. Such a cyclic 
synthesis of organic products via N2 cleavage might serve as the inspiration for future catalysis. 
Moreover, the development of methods for N2 fixation that bypass traditional schemes is attractive 
because it may result in a more diverse array of products directly accessible from N2. 
The first example of N-atom transfer from 3 into an organic molecule was reported in 2003 by 
investigators at DSM Research.14 It was found that treatment of 15N-3 with an excess of the strongly 
electrophilic trifluoroacetic anhydride, TFAA, in DMF at 25 °C successfully transferred the N atom. This 
reaction formed 15N-trifluoroacetamide, (F3CCO2)3MoNAr(N[t-Bu]Ar), and (F3CO)2NAr as part of a 
complex reaction mixture (Scheme 2). The degradation of the Mo(N[t-Bu]Ar)3 scaffold made N-atom 
transfer by this protocol an unsuitable for recycling of the metal fragment responsible for N2-binding. 
More desirable would have been the isolation of the Mo(IV) trifluoroacetate complex,  
(F3CCO2)Mo(N[t-Bu]Ar)3,15 which might possibly be reductively recycled to 1, thereby, modeling a 
catalytic cycle.  
Scheme 2. 
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Subsequently, a more mild protocol was discovered for N-atom transfer using a tungsten nitride 
complex in place of 3. It was discovered that treatment of N≡W(N[i-Pr]Ar)3 with acid chlorides resulted 
in nitrile release, concomitant with both the O and Cl atoms being transferred to W (Scheme 3).16 This 
result demonstrated the feasibility of N-atom transfer without involvement of the ancillary ligands in 
degradation reactions by using a tungsten nitride complex which is not derived from N2. Disappointingly, 
simple treatment of 3 with acid chlorides did not result in a reaction. One explanation for this difference 
in reactivity is that the W(N[i-Pr]Ar)3 system has greater facility in accessing 6-coordinate compounds 
than does the more sterically-constrained Mo(N[t-Bu]Ar)3 system.17,18  
The molybdenum nitride complex, 3, has proven to be a reluctant nucleophile. This is attributed, at 
least in part, to steric crowding of the nitrido functionality by three proximal tert-butyl residues. In 
conceiving reactions that depend upon the nucleophilic character of the nitride-nitrogen atom, it is 
important to keep in mind that the HOMO of 3 is not the nitride lone pair, but a non-bonding π 
combination of the anilide ligands. DFT calculations show that the nitride lone pair is the HOMO–3, 
resting ca. –0.9 eV below the HOMO. Nevertheless, Emma Sceats showed that 3 can be functionalized by 
an array of highly electrophilic reagents such as Me3SiOTf and PhC(O)OTf (Tf = O2SCF3) to form the 
imido complexes [Me3SiNMo(N[t-Bu]Ar)3][OTf] and [PhC(O)NMo(N[t-Bu]Ar)3][OTf], 4-Ph[OTf].17 
These studies both provided examples of electrophilic addition to 3 and indicated a need for more readily 
available electrophilic reaction partners for 3. 
To circumvent the poor nucleophilicity of 3, a protocol was developed that used a recyclable Nb 
species as a nucleophilic surrogate for Mo.8 By treatment of TfONb(N[CH2t-Bu]Ar)3 with the N2-derived 
[Na][NNMo(N[t-Bu]Ar)3], the heterobimetallic complex (μ-N2)[Mo(N[t-Bu]Ar)3][Nb(N[CH2t-Bu]Ar)3] is 
formed (Scheme 4). Reduction of this complex by 1e– affords [Na][N≡Nb(N[CH2t-Bu]Ar)3]. Treatment of 
this anionic, Nb nitride with acid chlorides forms both the corresponding nitrile and O≡Nb(N[CH2t-
Bu]Ar)3 in roughly quantitative yields. The O≡Nb(N[CH2t-Bu]Ar)3 product could be returned to the 
Nb(IV) triflate starting material in two synthetic steps. While the goal of reagent recycling was achieved, 
this methodology required the use of 1 equiv of [Na][NNMo(N[t-Bu]Ar)3] to accomplish a synthesis 
using N2. Therefore, the overall yields of the organonitriles were in principle limited to 50% because one 
N2-derived N-atom is removed as an equivalent of 3. Additionally, such a cycle is not amenable to 
recycling of the Mo(N[t-Bu]Ar)3 fragment responsible for N2-binding. This drawback motivated the 
development of synthetic methods that allow for N-atom transfer using only the metal center responsible 
for N2 binding. Achievement of this goal would provide a true model for catalytic N2 fixation.  
To use the reaction of 3 with strong electrophiles as a starting point for further synthesis, 4-Ph[OTf] 
was particularly attractive because it contained a C–N bond and a carbonyl functional group that could be 
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Scheme 4. 
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modified in a subsequent chemical step. Reduction of 4-Ph[OTf] with magnesium anthracene produces a 
highly reactive oxyketimide anion in which the anionic charge is acquired by the oxygen atom that was 
installed as part of the carbonyl group (Scheme 5).18 At low temperatures, this species undergoes reaction 
with a second equiv of PhC(O)OTf to form PhCO2(Ph)CNMo(N[t-Bu]Ar)3;15,18 a complex that had 
previously been prepared by independent synthesis.19,20 This Mo(IV) ketimide complex is unstable with 
regard to an intramolecular rearrangement that gives the Mo(IV) benzoate and 1 equiv of PhCN. 
Unfortunately, this procedure also results in the formation of an unidentified byproduct and 3. For this 
reason, thermally stable ketimides complexes were desired, as they may allow for controlled nitrile 
release. 
In this chapter, a synthetic cycle for N-atom incorporation from 3 into organic nitriles is described. 
This synthesis relies upon an electrophilic addition reaction that only proceeds in the presence of the 
appropriate Lewis acid promoter and a novel reaction between Mo(IV) ketimides and MCl2 (M = Sn, Zn) 
to release the organonitrile product. This method for nitrile release returns molybdenum in the form of a 
chloromolybdenum(IV) complex,21 which in turn is reductively recycled to the dinitrogen-splitting 
complex 1.22 This sequence of reactions creates a closed synthetic cycle in which the N2-binding metal 
fragment may be used repeatedly.  
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Scheme 5. 
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N-atom Transfer from Siloxyketimides 
Acylation of a Terminal Nitride. The finding that N-atom transfer from 3 could be realized through the 
intermediacy of the acyl imido cation, 4-Ph[OTf], motivated us to explore other acyl groups using readily 
available electrophilic reagents. In particular, we targeted methods that would not depend upon strongly 
electrophilic reagents such as PhC(O)OTf, but would instead take advantage of Lewis acidic additives to 
induce C–N bond formation between 3 and acid chlorides. As a result, our attention was drawn to the 
silylimido salt [Me3SiNMo(N[t-Bu]Ar)3][OTf],17 which is derived from 3, because we recognized the 
latent potential of the Me3Si+ group as a Lewis acid capable of promoting such a reaction.23-25 In the 
presence of a catalytic amount of pyridine, mixtures of this silylimido salt and PhC(O)Cl are converted to 
the benzoylimido salt, [PhC(O)NMo(N[t-Bu]Ar)3][OTf], 4-Ph[OTf], in 75% isolated yield (Scheme 6); 
the Me3SiCl byproduct is volatile and therefore, easily removed from the molybdenum-containing 
product. This reaction may proceed by a mechanism analogous to that established for acylation reactions 
mediated by nucleophilic catalysis. Drawing upon this analogy, we suggest that pyridine and benzoyl 
chloride exist in equilibrium with the salt [PhC(O)py]Cl. The free chloride anion could then capture the 
trimethylsilyl group of [Me3SiNMo(N[t-Bu]Ar)3][OTf] to afford 3—consistent with the observation that 
Me3SiCl does not react with 3. Transfer of the acyl group from the acyl pyridinium salt to 3 forms 4-Ph+ 
and returns free pyridine.   
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Scheme 6. 
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The pyridine-catalyzed reaction that was successful for the preparation of 4-Ph[OTf] from benzoyl 
chloride was not successfully applied to aliphatic acid chlorides. However, a variation of this procedure 
was found to be viable for t-BuC(O)Cl. Treatment of a mixture of 3 and t-BuC(O)Cl with Me3Si(py)OTf 
affords [t-BuC(O)NMo(N[t-Bu]Ar)3][OTf], 4-t-Bu[OTf], as a solid in 64% yield.26,27 However, this yield 
was only obtained after 3 hours of stirring, indicating that the reaction time must be carefully controlled. 
In particular, the observation that 4-t-Bu[OTf] is unstable in the presence of pyridine, which is formed as 
the reaction proceeds, explains the need to carefully controlled reaction conditions. Due to the instability 
of 4-t-Bu[OTf] towards pyridine, a work-up protocol was developed to quickly precipitate solids on the 
wall of the reaction vessel as opposed to slowly concentrating the reaction mixture to dryness. Storage of 
the crude solids under a dynamic vacuum effects removal of pyridine over several hours. Although the  
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Table 1. Selected bond lengths and angles. 
  4-Ph [OTf]17 
4-t-Bu 
[OTf] 5-Ph 5-t-Bu 
7-H 
[OTf] 8-Me
a 8-Ph  
 Mo–N 1.739(3) 1.739(2) 1.828(2) 1.857(1) 1.712(4) 1.870(2) 1.8284(5)  
 C–N 1.422(5) 1.437(3) 1.280(2) 1.276(2) 1.464(2) 1.28(1) 1.2935(8)  
 C–O 1.204(5) 1.205(3) 1.395(2) 1.401(2) 1.403(2) 1.42(1) 1.4026(8)  
 Mo–N[t-Bu]Ar 
(avg) 1.933(3) 1.931(2) 1.970(2) 1.974(1) 1.942(1) 1.975(3) 1.9771(5)  
 Mo–N–C 175.7(3) 159.6(2) 171.0(1) 174.3(1) 172.2(1) 154.1(5) 160.24(5)  
 N–C–O 118.7(4) 118.3(2) 120.3(2) 118.2(1) 111.3(1) 119(1) 118.75(5)  
aOnly the major component of this crystallographically disordered structure is discussed. 
 
N3N1
O1
N4
N2
Mo1
S1
Figure 1. Molecular structure of 4-t-Bu[OTf] shown with 50% probability ellipsoids. Hydrogen atoms have been 
omitted for clarity.  
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procedure for this acylation was inconvenient, it was satisfying to note that this sterically demanding acyl 
chloride could be used to obtain the corresponding acyl imido salt. 
X-ray diffraction data was obtained from crystals of 4-t-Bu[OTf] that were grown from a mixture of 
Et2O and CH2Cl2 at –35 °C (Figure 1). Steric crowding is evidenced by the Mo1–N4–C4 angle of 
159.63°, which bends the pivaloyl tert-butyl group away from the tert-butyl group of the proximal 
anilide. The corresponding angle for the less crowded 4-Ph[OTf] is 175.7(3)°, which is significantly 
closer to the predicted, linear arrangement of these three atoms.17 Other metrics for the acyl fragment 
have closely comparable values between these two structures (Table 1).  
The combination of Me3SiOTf and pyridine with acetyl chloride turned out to be ineffective for 
synthesizing [MeC(O)NMo(N[t-Bu]Ar)3][OTf] , 4-Me[OTf]. We felt that these conditions may not be 
potent enough to activate acetyl chloride based on the expectation that this acid chloride would be the 
most difficult to ionize among the series RCOCl (R = Me, Ph, t-Bu).28 Correspondingly, the use of 
stronger Lewis acids was attempted, but such procedures did not readily give the desired acyl imido 
cation. For instance, the use of AlCl3 afforded the known Cl3AlN≡Mo(N[t-Bu]Ar)3 as the major 
product.17 By exploring a range of Lewis acidic additives, we found that the bulky, electrophilic silicon 
reagent (i-Pr)3SiOTf, TIPSOTf, did not undergo a direct reaction with 3, as assessed by 1H NMR 
spectroscopy. This compatible Lewis acid–Lewis base combination appeared to have the potential to be 
powerfully exploited.29  
Addition of MeC(O)Cl to a mixture of 3 and TIPSOTf resulted in the smooth formation of 4-Me[OTf] 
within 1 hour (Scheme 6), which was monitored by growth of carbonyl stretch, located at 1702 cm–1, in 
the infrared spectrum (Figure 2). The resulting TIPSCl byproduct may be washed away with n-pentane, 
which allows 4-Me[OTf] to be isolated from this mixture, as a red powder in 92% yield. The utility of this 
procedure is evidenced by the speed with which the product is formed, and the good yield with obtained. 
It was later noted that the quick formation of 4-Me[OTf] was essential to the success of this procedure, as 
this compound loses the acetyl group readily, decomposing in solution to regenerate 3 over several hours. 
The labiality of the acetyl group is consistent with the exposed acyl carbon in this compound—the least 
bulky imido cation we prepared.  
The three acylation procedures described were each required to access a different synthetic target. 
Therefore, with these three strategies in hand, we explored which was the most general for the synthesis 
of other acyl imido salts (Scheme 6). In this regard, it was found that the TIPSOTf procedure was 
amenable to the synthesis of a number of other acyl imido cations from acid chlorides in spectroscopically 
quantitative yields. The reaction of methyl 4-chloro-4-oxobutyrate with TIPSOTf and 3 was of interest to 
test the tolerance of this procedure toward an ester functional group; this reaction gave 
[MeC(O)CH2CH2C(O)NMo(N[t-Bu]Ar)3][OTf] as the sole product, in 84% isolated yield, indicating that  
 
92 Chapter Three
 
   
Figure 2. Treatment of 3 with MeC(O)Cl and TIPSOTf in CDCl3 shown (above) 5 minutes after mixing, and 
(below) 1 hour after mixing. The stretch that decays at 1802 cm–1 shows the presence of MeC(O)Cl and the stretch 
that grows in at 1702 cm–1 is assigned to 4-Me[OTf]. 
the ester group was not reactive under these conditions. It was found that even the electron-rich 
dimethylcarbamoyl chloride participated in a quantitative acylation reaction when mixed with TIPSOTf 
and 3. Albeit to obtain reasonable rates of conversion from this poorly electrophilic substrate to 
[Me2NC(O)NMo(N[t-Bu]Ar)3][OTf], the reaction needed to be performed in neat dimethylcarbamoyl 
chloride. In a separate result, we were surprised that treatment of 4-MeOC6H4C(O)Cl with TIPSOTf and 3 
gave the anisole derivative, [4-MeOC6H4C(O)NMo(N[t-Bu]Ar)3][OTf] in 85% yield, while the treatment 
used to prepare 4-Ph[OTf] produced no detectable reaction. Of these three imidos, only the anisole 
derivative was amenable to clean reduction (vide infra); therefore, these derivatives were not explored 
further. 
Synthesis of Mo(IV) Ketimide Complexes. Reduction of 4-Ph[OTf] by magnesium anthracene produces 
the purple [Mg(THF)2][PhC(O)NMo(N[t-Bu]Ar)3]2, which can be isolated from the reaction mixture as a 
crude material in 82% yield (Scheme 5).18 However, this magnesium salt was difficult to purify and 
manipulate without decomposition. As a result, it was desirable to convert this into an easily manipulated 
material. This approach reflected the importance that the precursor to nitrile release be isolated in a pure 
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Figure 3. Molecular structure of 5-Ph shown with 50% probability ellipsoids. Hydrogen atoms have been omitted 
for clarity. 
form and stored as a stable material. Having a stable precursor compound would allow nitrile release to be 
initiated a later time by either the addition of an external reagent—or by mild heating of such a precursor. 
Following reduction of 4-Ph[OTf] by magnesium anthracene, [Mg(THF)3][C14H10], the in situ-formed 
[Mg(THF)2][Ph(O)CNMo(N[t-Bu]Ar)3]2 was treated with Me3SiOTf to cleanly afford a trimethylsiloxy-
substituted ketimide, Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 5-Ph, in 77% yield (Scheme 7). Crystallographic 
data obtained from dark green, single-crystals of 5-Ph show a short Mo–N single bond of 1.828(2) Å, an 
N=C bond of 1.280(2) Å, and a nearly linear Mo–N–C angle of 171.0(1)° for the ketimide moiety  
(Figure 3). The three anilide ligands, which are equivalent in solution, are found in an “up-down-
sideways” conformation in the solid state.20 Such an arrangement breaks the pseudo-C3 symmetry of the 
tris-anilide platform and allows all three anilides to engage in π-bonding with Mo. As a consequence, this 
conformation may be important to the stability of 5-Ph, rather than a mere consequence of crystal 
packing. Computational studies of 5-Ph reveal that the HOMO is the backbond between the d2 metal 
center and the ketimide N=C π* orbital. The LUMO is non-bonding and has the appearance of a dz2 
orbital.30   
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Table 2. Percent yields obtained for nitrile release.a 
  SnCl2  ZnCl2  
  6 R–C≡N  R–C≡N  
 4-Ph 93 97  98  
 4-t-Bu 88 99  99  
 4-Me 71 99  99  
a Yields for 6 were only obtained using SnCl2. 
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Treatment of 5-t-Bu with magnesium anthracene followed by Me3SiOTf afforded  
Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3, 5-t-Bu, in 46% yield. This compound forms dichroic blue/violet 
crystals that were grown from n-pentane at –35 °C. The molecular structure contains a Mo1–N4 distance 
of 1.857(1) Å, closely approximating that found for 5-Ph (Figure 4). The Mo–N–C angle in 5-t-Bu is 
174.3(1)°, which is much closer to linear than the corresponding angle in 4-t-Bu[OTf] (Table 1). 
Likewise, treatment of 5-Me with magnesium anthracence followed by the addition of Me3SiOTf yields 
violet Me3SiO(Me)CNMo(N[t-Bu]Ar)3, 5-Me, 83% after 1 hour of stirring. It was important to optimize 
this reaction time because prolonged stirring of the reaction mixture led to decomposition of the desired 
product; this was accomplished by monitoring the reaction with UV-vis spectroscopy. The instability of 
the two alkyl ketimides was not expected based on the observation that 5-Ph was stable in solution for 
several hours at 20 °C. In fact, storing solutions of either 5-Me or 5-t-Bu at 20 °C for 1–3 hours resulted 
in decomposition into a myriad of products. Predominant among the decomposition products were 3 and 
the amine HN[t-Bu]Ar.  
N3
Mo1
N1
N4
O1
Si1
N2
 
Figure 4. Molecular structure of 5-t-Bu shown with 50% probability ellipsoids. Hydrogen atoms have been omitted 
for clarity.  
 
96 Chapter Three
 
 
404.12
200500 300400
260.74
200500 300400
3
Mo
N
Me3SiO
N 20 oC
d8-THF
ZnCl2
NC
3
Cl
Mo
N
+
65-Ph
 
Figure 5. 15N NMR (50 MHz, d8-THF, 20 °C) spectra of (left) 15N-5-Ph, and (right) the crude reaction mixture 
obtained upon treating 15N-5-Ph with ZnCl2. The resonance at 260 ppm is due to the formation of PhC15N. 
Nitrile Release by SnCl2 and ZnCl2. Complexes of the formula Ph(X)CNMo(N[t-Bu]Ar)3 (X = O2CPh, 
SC6F5) are known to fragment, giving (X)Mo(N[t-Bu]Ar)3 and PhCN.19 We therefore targeted reactions 
that would release PhCN from the Mo(IV) ketimide complex, 5-Ph. Both ZnCl2 and SnCl2 were found to 
react with 5-Ph to form PhCN, with ClMo(N[t-Bu]Ar)3, 6,21 as the sole molybdenum-containing product 
(Scheme 7). The reaction between SnCl2 and 5-Ph proceeds over 1 hour, producing 6 in 93% isolated 
yield and PhCN in a spectroscopic yield of 97%. The tin byproducts are removed by filtering the reaction 
mixture. The reaction between ZnCl2 and 5-Ph requires 3 hours to give PhCN in 98% yield and 6 in 20% 
yield. The isolated yield of 6 is low because the soluble zinc byproducts must be separated by 
crystallization. An 15N NMR resonance for 15N-5-Ph was located at 404 ppm. Upon treatment of this 
species with ZnCl2, the crude reaction mixture showed only a single resonance at 260 ppm corresponding 
to PhC15N, in the 15N NMR spectrum over a spectral width of 0–1000 ppm (Figure 5).31  
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It is noteworthy that ZnCl2 and SnCl2 efficiently form PhCN and a single molybdenum-containing 
product from 5-Ph when other Lewis acids do not behave similarly. Tolerance toward the d2 molybdenum 
center may be essential to avoid redox reactions; Zn(II) and Sn(II) salts are non-oxidizing Lewis acids.32,33 
Interestingly, ZnI2 and Zn(OTf)2 both failed to react with 5-Ph; the mechanistic implications of which will 
be discussed later in this chapter. We favor a mechanism in which the Lewis acid binds to the 
trimethylsiloxy oxygen to form an intermediate that undergoes subsequent unimolecular fragmentation. 
This may occur via a six-membered transition state in which chloride bridges between Zn or Sn and Mo. 
Such a mechanism is analogous to the Lewis acid-induced decomposition of organic hydroximines to 
nitriles.34 The reactions between 5-Ph and ZnCl2 or SnCl2 differ in the required stoichiometry. In the 
presence of 0.58 equiv of SnCl2, 5-Ph is completely consumed, whereas in the presence of 0.60 equiv of 
ZnCl2, only 60% of 5-Ph is consumed. This observation implies that the Zn- and Sn-containing 
byproducts may be possibly [ZnCl(OSiMe3)(THF)]235 and Sn(OSiMe3)2.36 In a similar transformation, 
treatment of blue 5-t-Bu with SnCl2 cleanly produced both 6 in 88% yield and t-BuCN in 99% yield, 
while ZnCl2 and 5-t-Bu react to produce 6 and t-BuCN in 99% yield. Application of the corresponding 
procedure to 5-Me gave yields of 71% for 6 and 99% for MeCN when treated with SnCl2, and 99% for 
MeCN when ZnCl2 was used.  
The only molybdenum-containing product generated by the reactions of 5-R (R = Me, Ph, t-Bu) with 
either SnCl2 or ZnCl2, 6, is conveniently reduced by Mg0 to 1 in 95% isolated yield (Scheme 7). A key 
feature of this cycle is the three acylation strategies that employ either Lewis acid-Lewis base 
combinations or a sterically hindered Lewis acid to promote the reaction of 3 with acid chlorides. The 
other essential feature is the use of SnCl2 and ZnCl2 as both Lewis acids and chloride donors.  
Derivatization of a Terminal Nitride to a Terminal Cyanide 
Alkylation by Methoxymethyl Chloroether. In view of the success we found employing acid chlorides 
as electrophiles for 3 when a Lewis acid promoter was added to the reaction mixture, we turned our sights 
on other electrophilic reagents. In particular, alkylation procedures were attractive because deprotonation 
of the cationic alkyl imido complex, [MeNMo(N[t-Bu]Ar)3]+ was previously shown to produce the 
corresponding, parent Mo(IV) ketimide.17 Such a synthetic protocol eliminates the need for pyrophoric 
chemical reductants to prepare the desired ketimide complex.  
The terminal nitride, 3, undergoes a reaction with 1 equiv of MeOCH2I in CDCl3 to rapidly form the 
cationic imido, [MeOCH2NMo(N[t-Bu]Ar)3][I], 7-H[I]. This reaction is more facile than the analogous 
reaction of 3 with MeI, which was best effected by stirring 3 in neat MeI for several hours.17 However, 
the oily 7-H[I] proved difficult to isolate as a solid. Therefore, we attempted to replace the iodide with a 
counteranion that may form a more crystalline salt. This was achieved by the treatment of 3 with a 
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combination of MeOCH2Cl and TIPSOTf to form a red solution containing  
[MeOCH2NMo(N[t-Bu]Ar)3][OTf], 7-H[OTf], and TIPSCl (Scheme 8). Such a synthetic procedure 
makes use of the steric bulk of the TIPS group, which precludes a direct reaction with 3 that would 
unproductively yield a silyl imido cation. The TIPSCl byproduct is soluble in n-pentane and may be 
washed away from 7-H[OTf], which was isolated in 87.5% yield. This complex is a thermally-robust, 
yellow powder that forms orange solutions in CHCl3. The methoxymethyl group is easily displaced by a 
variety of nucleophiles and the complex decomposes in solvents such as pyridine and THF. The 15N 
resonance for 7-H[OTf] was located at 466 ppm, and is nearly identical to that found for  
[MeNMo(N[t-Bu]Ar)3][I] (δ = 462 ppm) which has been characterized both crystallographically and by 
solid-state 15N NMR.17  
Crystals of 7-H[OTf] suitable for X-ray diffraction were grown from CHCl3 at –35 °C (Figure 6 and 
Table 1). The solid-state structure of 7-H[OTf] exhibits a Mo–N bond length of 1.7119(14) Å that 
compares well with that of 1.708(9) Å found for [EtNMo(N[t-Bu]Ar)3][I].17 In 7-H[OTf], the Mo–N–C 
unit is bent with an angle of 172.24(12)°, whereas in [EtNMo(N[t-Bu]Ar)3][I], this angle is 180° and 
coincident with a crystallographic C3 axis. 
Scheme 8. 
 
3
Mo
N
N
MeOCH2Cl 
i-Pr3SiOTf
3
Mo
N
N
MeO H
3
Mo
N
N
C 1/2 SnCl2
10 Me2NSiMe3
3
Mo
N
N
MeO
OTfH
H
88%
95%
LiN(SiMe3)2
Et2O
3
8-H9
7-H[OTf]
97%
51%
CHCl3
Et2O
 
Synthesis of Nitriles from Dinitrogen 99
 
 
N4
N3
Mo1
N1 N2
S1
O1
Figure 6. Molecular structure of 7-H[OTf] shown with 50% probability ellipsoids. Hydrogen atoms have been 
omitted for clarity. 
Deprotonation to Form a Mo(IV) Ketimide. Addition of LiN(SiMe3)2 to yellow solutions of 7-H[OTf] 
in Et2O rapidly forms a dark blue solution. Evaporation of the solvent, followed by extraction into n-
pentane to remove LiOTf, affords MeO(H)CNMo(N[t-Bu]Ar)3, 8-H, in 96% yield (Scheme 8). The dark 
blue color of 8-H is attributed to two absorbances in the visible region: λ (ε) = 501 (1900), 615 (2500) nm 
(M–1 cm–1). The proton bound to the ketimide, HC=N, is shifted downfield from 6.1 ppm for 7-H[OTf] to 
7.4 ppm for 8-H. Labeling 8-H with 15N splits this proton resonance into a doublet for which JNH = 2.5 
Hz. A doublet with the same coupling was located in the 15N NMR at δ = 382 ppm. In contrast to 7-
H[OTf], which maintains its integrity when stored at 20 °C for weeks, 8-H is thermally sensitive and 
decomposes at ambient temperature within 12 hours to form a myriad of products including the terminal 
cyanide, NCMo(N[t-Bu]Ar)3, 8.37 Because complex 8-H decomposes in the solid state at –35 °C, it was 
most convenient to work with freshly prepared material.  
Rearrangement. Due to the success of the reaction of 5-R with SnCl2 or ZnCl2 that forms nitriles and 6, 
we expected that 8-H might behave similarly. Therefore, we attempted to liberate HCN by treatment of 8-
H with SnCl2 under dynamic vacuum. This protocol did result in the formation of 6; however, the reaction 
was not clean, as the nitride complex 3 and HN[t-Bu]Ar were also formed. Attempts to collect HCN by 
vacuum transfer were also unsuccessful. These observations were consistent with the initial hypothesis 
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that 8-H would react with SnCl2 in a fashion similar to 5-R. It seemed plausible that in the case of 8-H, an 
acidic proton could be generated at some point during the reaction which would lead to decomposition 
products. As a result, we thought that the addition of a non-coordinating base to the reaction might 
intercept such a rogue proton without altering the reaction between SnCl2 and 8-H. It was found that 
treatment of 8-H with SnCl2 in the presence of 10 equiv of Me3SiNMe2 afforded N≡CMo(N[t-Bu]Ar)3, 9, 
as the major product (Scheme 8). The formation of 9 during this reaction was confirmed by its 
characteristic 1H NMR resonances, and 9 could be isolated by crystallization in 51% yield. The reaction 
that converts 8-H to 9 proceeds over the course of approximately 30 minutes with a color change from a 
dark blue to a red-brown (Figure 7). When the heterogeneous reaction is monitored by UV-vis 
spectroscopy, the intense band attributed to the metal-to-ligand charge transfer of 8-H at 615 nm decays 
while an absorbance due to 9 at 430 nm, gains intensity.  
The reaction by which 8-H is converted to 9 may proceed via the in situ production of Me3SiCN and 6, 
or by deprotonation of the carbon before the CN– fragment leaves the metal. To test the first hypothesis, 6 
was treated with Me3SiCN. This protocol was found to afford 9 in 97% yield. However, this reaction 
required stirring for several hours at 20 °C to reach completion. The reaction was only about 33% 
complete after 1 hour when carried out at concentrations similar to those employed for 8-H → 9. As the 
latter reaction was complete within 30 minutes, it seems unlikely that a pathway that requires formation 
of Me3SiCN predominates.  
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Figure 7. UV-vis spectral changes that accompany the conversion: 8-H → 9. Spectra are shown in 5-min intervals. 
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In order to further test the above hypothesis, 15N-8-H was prepared from 15N2, for the purpose of a 
crossover experiment. Accordingly, 15N-8-H was treated with SnCl2 and 10 equiv of Me3SiNMe2 in the 
presence of 1 equiv of Me3SiCN. Analysis of the crude reaction mixture by FT-IR showed a band at 2195 
cm–1 corresponding to the added Me3SiCN. No band consistent with Me3SiC15N was found in the reaction 
mixture, and all other bands were reproduced in the crude reaction when Me3SiCN was not present. 
Complex 9 lacks an IR-active CN stretch, which prevented further analysis of the crossover experiment.37 
These observations are consistent with a mechanism in which the CN unit does not leave the metal. 
Although a metal isocyanide complex is not required by our mechanism, linkage isomerism of the 
cyanide ligand has been studied.38-40 These studies have indicated that structures having the connectivity 
M–N≡C are rapidly converted into M–C≡N structures via an irreversible, first-order process. 
This section focused upon an unexpected transformation that converts the ketimide complex 8-H into 
the terminal cyanide complex, 9. As 8-H is derived by sequential akylation and deprotonation of 3, the 
described series of three reactions converts a terminal N3– ligand into a CN– ligand. The net result may be 
viewed as the insertion of a carbon atom into the Mo≡N triple bond.  
N-atom Transfer from Methoxyketimides 
Alkylation by Chloroethers and Deprotonation. The akylation strategy demonstrated by the use of 
MOMCl in conjunction with TIPSOTf compelled us to see if such a procedure might be more general and 
serve as an entry into nitrile synthesis. The resulting synthetic sequence would be desirable, especially if 
it were more general than the variety of acylation procedures that must be employed to make only a 
handful of acyl imido cations, 4-R+. Furthermore, preparation of Mo(IV) ketimides complexes via the 
deprotonation of cationic alky imidos, as was demonstrated for 7-H[OTf], is attractive as it removes the 
need for pyrophoric reductants during the synthesis of these compounds. This feature also removes 
potential reagent incompatibility between TIPSCl and strong reductants. As a result, chloroethers 
appeared to be an ideal starting material for a nitrile synthesis initiated from 3. Chloroethers are easily 
prepared by the reaction between acid chlorides and acetals. This reaction is catalyzed by ZnBr2, forming 
an ester byproduct (Scheme 9).41 Acetals themselves are protected aldehydes that are readily prepared and 
frequently commercially available. 
The mixture of PhCH(OMe)Cl and t-BuCO2Me resulting from the chloroether synthesis was used 
directly in the reaction with 3 and TIPSOTf because it was shown earlier that esters are not reactive with 
3 under these conditions. Upon mixing of these reagents, [MeO(Ph)CHNMo(N[t-Bu]Ar)3][OTf], 7-
Ph[OTf], was formed nearly instantly, and could be isolated in 94% yield by washing away the n-pentane-
soluble TIPSCl byproduct and t-BuCO2Me (Scheme 10). A similar protocol was effective for the 
synthesis of [MeO(Me)CHNMo(N[t-Bu]Ar)3][OTf], 7-Me[OTf], which was isolated in 84% yield.  
 
102 Chapter Three
 
 
Scheme 9. 
 
O
H
OMe
H
OMe
O
Cl
 ZnBr2
(cat. 0.1 %)
(neat)
I2
(cat. 10%)
MeOH
Cl
H
OMe
OMe
O
+
Scheme 10. 
N
Mo
3
3
Mo
1/2 SnCl2
Mg
THF
3
Mo
N
MeO
3
Cl
Mo
95%
95%
CH2Cl2N
N
N
3
Mo
N
OTf
N
H
MeO
Me3PCH2
CH2Cl2
(i-Pr)3SiOTf
N
THF
1
3
8-R
7-R[OTf]
R = Ph, 99%
R = Me, 83%
Cl
H
OMe
R
R
R
R = Ph, 94%
R = Me, 82%
NC
+
R
6
R = Ph, 99%
R = Ph,
91%
 N2 
NaH 
 
 
Synthesis of Nitriles from Dinitrogen 103
 
N4
N3
N2
O1
N1
Mo1
 
Figure 8. Molecular structure of 8-Me shown with 50% probability ellipsoids. Hydrogen atoms have been omitted 
for clarity. 
Whereas 7-H[OTf] may be cleanly deprotonated by LiHMDS at 20 °C, following such a procedure for 
7-R[OTf] (R = Me, Ph) gave mixtures of the desired Mo(IV) ketimide complexes and 3, formed by loss 
of the alkyl group. For 7-Me[OTf], such a dealkylation was easily avoided by starting the reaction at –116 
°C. Correspondingly, treatment of 7-Me[OTf] with LiHMDS at this temperature afforded 
MeO(Me)CNMo(N[t-Bu]Ar)3, 8-Me, in good yields. However, applying the same procedure for 7-
Ph[OTf] was not sufficient to obtain MeO(Me)CNMo(N[t-Bu]Ar)3, 8-Ph, in high yields. As a result, we 
turned to the use of a non-reducing base for to deprotonate 7-Ph[OTf]. Accordingly, we found that the use 
of H2CPMe3 for this reaction result in the clean formation of 8-Ph, which was isolated in 99% yield 
(Scheme 10). The regioselectivity of the deprotonation reaction for compounds in the series 7-R[OTf] 
trends with the facility with which the MeO(R)CH fragment acts as a radical leaving group: The expected 
stability of the MeO(R)CH radical is greatest when R = Ph and the least when R = H. Attesting to this 
idea, treatment of 7-Ph[OTf] with KH in THF led solely to the formation of 3. 
In contrast to the trimethylsiloxy ketimides, 5-R, the methoxy ketimides, 8-R, have greater thermal 
stability and no significant decomposition in solution occurs when stored for 24 hours. These materials 
are also more crystalline than the corresponding trimethylsiloxy ketimides which aids in purification. 
Crystals of 8-Me and 8-Ph were grown from n-pentane at –35 °C. The molecular structures of these 
compounds show bond lengths of 1.870(2) Å for 8-Me and 1.8284(5) Å for 8-Ph, which are similar to 
those found for 5-Ph and 5-t-Bu (Figures 8 and 9). The most striking contrast between the solid-state 
structures of the methoxy and trimethylsiloxy ketimide complexes is the Mo–N–C angle, which is greater 
than 170° for both trimethylsiloxy ketimides, but is 154.1(5)° for 8-Me and 160.24(5)° for 8-Ph (Table 1). 
Because the methyl substituent is less bulky than the trimethylsilyl group, it would appear that  
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Figure 9. Molecular structure of 8-Ph shown with 50% probability ellipsoids. Hydrogen atoms have been omitted 
for clarity. 
the Mo–N–C angle adopted by 8-R is due to an electronic preference. For example, this structural feature 
may allow for greater overlap of the oxygen lone pair with the π* orbital of the ketimide C=N bond.42 In 
support of such a proposition, the C=N bond length of 1.2935(8) Å in 8-Ph is longer than the 
corresponding 1.280(2)-Å bond in 5-Ph. 
Charge-Density Analysis of 8-Ph. The X-ray diffraction data obtained from single-crystals of 8-Ph was 
of an unusually high quality. These crystals produced a diffraction pattern that was discernable at a spatial 
resolution of 0.45 Å (cf. 0.8 Å, the standard resolution found in chemical literature). This exceptional data 
allowed us to apply the charge density analysis methods that have been pioneered by Coppens and 
coworkers in recent years.43 Refinement of the X-ray diffraction data was carried out by Anatoliy Volkov 
using the XD computer program,44 to provide a fit of the observed density to the spherical harmonics. In 
this section, the results of this refinement are analyzed by the topological theory of atoms in molecules.45  
Of initial interest, was to define the topological charge distribution of Mo and the surrounding ligands. 
While the Mo atom in 8-Ph has been described as a d2, Mo(IV) center throughout this chapter, this only 
refers to the formal oxidation state of the metal. In fact, it is well-known that for transition-metal 
complexes, the real charge on transition metal deviates from the formal oxidation state.46 For 8-Ph, the 
XD program calculated a d-orbital population of 4.67e–, indicating that the Mo center bears markedly less 
positive charge than would be predicted by considering the formal oxidation state alone.44 This value was 
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Figure 10. Experimentally-determined charge-density analysis for the ketimide ligand of 8-Ph. (upper left) 
Deformation density plot with contours at 0.1 e–/Å3 intervals. (upper right) The reactive surface (–V2ρ = 0) is 
colored by the total electron density in e–/Å3. (lower left) A plot of –V2ρ with contours in 5 e–/Å5 increments. (lower 
right) A view of –V2ρ in a plane perpendicular to that shown at left. Contour plots show positive (solid red), 
negative (dashed blue), and zero (solid black) surfaces. The molecular scaffold is overlaid in black. 
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Table 3. Bader charges derived from experiment and theory for 8-Ph.a
  exp calc   exp calc  
 Mo1 1.145 1.907  C41 0.159 0.028  
 N4 –1.246 –1.086  C42 –0.236 –0.021  
 N1 –1.216 –0.973  C43 –0.239 –0.022  
 N2 –1.189 –1.000  C44 –0.230 –0.038  
 N3 –1.215 –1.021  C45 –0.246 –0.036  
 C4 0.838 0.924  C46 –0.229 –0.041  
 O1 –1.128 –1.024  H42 0.188 0.038  
 C40 0.284 0.474  H43 0.192 0.011  
 H40A 0.141 0.009  H44 0.193 0.005  
 H40B 0.139 0.013  H45 0.193 0.017  
 H40C 0.139 –0.001  H46 0.194 0.023  
a DFT calculations using the BP86 functional. All non-H atoms treated with a 
TZ2P basis set, and H atoms treated with a DZP basis set. 
 
 
 
Table 4. Topological parameters for selected bond critical points in 8-Ph. 
 Bonding Pair ρ –V2ρ ε  
 N4–C4 2.64  31.02 0.24  
 C4–O1 2.08  15.34 0.02  
 O1–C40 1.89  8.75 0.03  
 C4–C41 1.98  16.12 0.15  
 C–C for Ph 
ring (avg.) a 2.25(5) 20(1) 0.17(2)
 
 C–H for Ph 
ring (avg.) a 1.90(5) 22(1) 0.04(3)
 
 C40–Hb 1.88  22.11 0.01  
a Errors are quoted as the standard deviation from the mean. 
b Constrained to be equivalent by the crystallographic model. 
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corroborated by the experimental, Bader-charge analysis that gave a charge of +1.145 for Mo  
(Table 3).45,47 
The charge on Mo based upon a charge density analysis is less than the +4 charge that corresponds to 
the formal oxidation state. The difference between the formal charge and the measured charge is due to 
the nature of the metal-nitrogen bonding, which is partially covalent.48 However, the oxidation state 
formalism assumes that these bonding interactions are entirely ionic in nature, and therefore, corresponds 
to too great a charge. To address this topic, we turned our attention to the Mo–N bonding interactions; 
however, the highest resolution X-ray diffraction data we obtained contained large uncertainties in the 
observed intensities. These uncertainties prevented thermal motion of the heavy atom, Mo, from being 
entirely accounted for in the crystallographic model. As a result, the bonds between Mo and the nitrogen 
atoms, cannot be quantitatively discussed in the context of this data. However, bonding within the 
ketimide ligand, which consists of only light atoms, may be treated quantitatively with this data.  
A deformation density plot of the ketimide ligand is shown in Figure 10. The deformation density is a 
plot of the difference between the total density and that predicted by a model based upon independent 
atoms. This plot shows the accumulation of e– density in the regions of space associated with covalent 
bonds.43 Thus, maximum values are obtained at the juncture between two nuclei adjoined by a covalent 
bond. A more sensitive topological analysis may be achieved by considering the topological properties of 
the total electron density, ρ.43,45 
Treating the electron-density distribution as a scalar field, Bader has demonstrated the utility of 
inspection of the negative of the Laplacian, –V2ρ (Figure 10).45 This function indicates regions of charge 
accumulation and depletion, and attains local maxima at the regions near the nucleus, indicating the 
presence of nuclear (3, –3) critical points. The accumulation of electron density between pairs of nuclear 
critical points is indicative of bond formation, and the curvature of the Laplacian may be traced between 
these points to form a bond path. Along this bond path is a saddle point in the Laplacian, which is denoted 
as a bond (3, –1) critical. A convenient way to visualize the results of this topological analysis is in the 
form of a molecular graph (Figure 11). In this presentation, the positions of the depicted nuclear (3, –3) 
and bond (3, –1) critical points, and bond paths are derived from the experimental charge density. In 
Figure 11, a ring (3, 1) critical point is shown at the center of the phenyl ring, indicating that charge 
increases in two of three orthogonal directions from this point.  
The ellipticity at the bond critical point measures how symmetrically charge is distributed in the plane 
perpendicular to the bond path. This measurement correlates with the amount of double bond character 
between two atoms, as charge accumulation in a π orbital creates such an asymmetry.45 However, for 
cylindrically symmetric bonds, the ellipticity returns to zero. The ellipticity of 0.31 for the N4–C4 bond is 
greater the average value of 0.17 found in the C–C bonds of the phenyl group (Table 4). Furthermore, the 
Laplacian at the bond critical point between N4 and C4 is larger than that found for other C–N bonds (cf. 
for N1–C17, ε = 12). The metrics are consistent with multiple bonding between N4 and C4 along a single 
plane.  
 
108 Chapter Three
 
 
Figure 11. Molecular graph of 8-Ph. Atomic positions are indicated by (3, –3) critical points. Bond paths are 
calculated from experimental, X-ray diffraction data. Bond (3, –1) critical points are shown in orange, and the ring 
(3, 1) critical point in pink. t-Bu and Ar groups have been truncated for clarity.  
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Bader charge analysis was performed on 8-Ph using both the experimental and theoretical data  
(Table 3). The results of this analysis are roughly comparable between theory and experiment; however, 
the experimental model gives more positive values for hydrogen atoms and correspondingly more 
negative values for more electronegative atoms. This is a systematic difference between theory and 
experiment; therefore, it is probably due to the manner in which hydrogen was modeled during the 
refinement.49 Furthermore, the experimental charges for hydrogen atoms in Table 3 agree with those 
found in other experimental studies.50 The markedly positive Bader charge found for C4 is consistent with 
the bonding environment where it makes contact with two more electronegative atoms that more strongly 
attract the electron density. This analysis suggests that any additional density found on carbon as a 
consequence of backbonding from Mo into the N=C π* orbital only serves to decrease the polarization of 
the N–C bond, but does not result in charge accumulation on C4.  
The Laplacian zero-envelope bounds the volume of maximum charge; therefore, this is sometimes 
called the reactive surface (Figure 10). 45 The three-dimensional representation of this surface for 8-Ph 
shows electron accumulation on the nitrogen atoms that are directed at the holes in the surface 
surrounding Mo. This is the expected situation for metal-ligand bonding. On this surface, the maximum 
values of ρ are obtained for the oxygen atom, near the lone-pair, suggesting that this is the binding site of 
a Lewis acid such as SnCl2 or ZnCl2, which supports our mechanistic suggestion for the nitrile 
fragmentation reaction.   
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Table 5. UV-vis data for Mo(IV) ketimide complexes. 
  5-Me 5-Ph 5-t-Bu 8-H 8-Ph (exp) 8-Ph (calc)a  
 λ (ε) 519 
(1039) 
429 
(3627) 
510  
(527) 
501  
(1900) 
421  
(10300) 
443 
[0.034] 
 
 
 600 
(1020) 
624 
(2769) 
633  
(858) 
615  
(2500) 
607  
(7000) 
606 
[0.083] 
 
a Calculated oscillator strength given in square brackets. Energies corrected by 0.15 eV from 468, and 654 nm. 
Electronic Structure of Ketimide Complexes. The molybdenum(IV) ketimide complexes described 
herein are highly colored, and have two major absorbances in the visible region that likely overlap with 
less intense absorption bands. One absorption band reaches a maximum at a wavelength greater than 600 
nm, and the other at a wavelength less than 500 nm (Table 5 and Figure 12). Additionally, the higher 
energy absorbance is hypsochromically shifted for ketimides containing the phenyl substituent compared 
to those with alkyl substituents.  
To ascertain the nature of the electronic transitions that are responsible for these spectral features, 
TDDFT calculations were performed on 8-Ph. These calculations indicate that the lower energy 
absorbance corresponds to a HOMO → LUMO+1 transition. It can be seen that this transition promotes 
1e– from the Mo-ketimide backbonding orbital into a primarily Mo-based orbital (Figure 13). An 
absorption due to the HOMO → LUMO transition is predicted to beyond 700 nm, but this band is low in 
intensity (f = 0.01), due to a small orbital overlap, and not observed in the experimental spectrum. 
Assignment of the electronic absorption spectrum for the related complex, Mo(NMe2)4, agrees with this  
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Figure 12. Extinction coefficient plot for 8-Ph in Et2O solution at 20 °C. 
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LUMO+1
1.629 eV
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LUMO+2 
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2.529 eV
Figure 13. Frontier orbitals for 8-Ph shown at an isosurface value of 0.05. The HOMO is arbitrarily set to 0 eV.
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finding: the HOMO → LUMO transition in this D2d compound has an intensity of ca. 50 M–1 cm–1.30 The 
next lowest energy absorptions for 8-Ph are expected to be due to the HOMO → LUMO+2 and HOMO 
→ LUMO+3 transitions. According to the TDDFT analysis, these weak transitions contribute to the 
shoulder between the larger bands centered at 607 and 421 nm (Figure 12). The intense spectral feature at 
421 nm is assigned to a HOMO → LUMO+4 transition that moves 1e– from the Mo-ketimide 
backbonding orbital into one which is primarily ligand-based and Mo–N antibonding in character. As a 
result, this band may be described as a MLCT (metal-to-ligand charge transfer) band. The MLCT band is 
shifted when the ketimide ligand has an alkyl substitute in place of Ph (Table 5). This might be explained 
by the orbital density on the Ph ring in the LUMO+4 (Figure 13). The observation that the position of this 
band is sensitive to the substituent on the ketimide carbon supports the MLCT assignment. In review, we 
have used a combination of TDDFT calculations and experimental observations to assign the UV-vis 
spectrum of 8-Ph. Furthermore, we suggest that the same transitions are operative for the other ketimide 
complexes studied herein, 5-R and 8-R. 
Nitrile Release from Methoxy Ketimides. Treatment of 8-Ph with SnCl2 in THF resulted in a gradual 
color change from green to orange over 45 minutes. This protocol gave a yield of 99% for PhCN 
production; the only product detected in the 1H NMR spectrum across the region between 6.5 and 7.5 
ppm. Conversion of 8-Ph to 6 was measured by isolation of the chloromolybdenum product, which 
resulted in 91% yield. The production of PhCN and 6 via this route closes the synthetic cycle (Scheme 
10). The overall yield of PhCN is 87% in four steps, while the N2-binding complex, 1, is recovered in 
76% after five synthetic steps.  
Treatment of 8-Ph with ZnCl2 also resulted in the formation of ClMo(N[t-Bu]Ar)3 and PhCN after 6 
hours of stirring. However, this reaction did not cleanly produce PhCN, and multiple, unidentified 
byproducts were observed in the aromatic region of the 1H NMR spectrum. As a consequence, the 
spectroscopic yield for PhCN production was only 54%. Presumably either the longer reaction time or the 
nature of the Zn(II)-containing byproduct caused oligomerization of PhCN, which is a well known 
process. Furthermore, treatment of 8-Me with SnCl2 or ZnCl2 in THF produced 6. At the time of the 
writing of this dissertation, yields had not been obtained for these two reactions.  
To compare the reactivity of methoxyketimides with the previously investigated siloxyketimides, we 
treated 8-Ph with ZnI2, a reagent with which 5-Ph does not react. After 12 hours, this converted the green 
solution to orange, and resulted in formation of IMo(N[t-Bu]Ar)3 and PhCN as assayed by 1H NMR 
spectroscopy. In fact, 8-Ph was found to react with SnX2 and ZnX2 (X = Cl, Br, I) to form the 
corresponding Mo(IV) halide and PhCN. Neither SnF2 nor ZnF2 showed any reaction with 8-Ph after 24 
hours of stirring. Yields were not obtained for each halide, as these clean reaction mixtures were judged 
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to be similar to the case for chloride by 1H NMR spectroscopy. These reactions draw contrast with the 
reactivity of 5-Ph, which did not form IMo(N[t-Bu]Ar)3 upon treatment with ZnI2. 
The difference in the behavior encountered between 5-Ph and 8-Ph with regard to metal halides was 
striking. Previously, we had supposed that the lack of reaction between 5-Ph and ZnI2 was due to the 
difference between I–Mo and Cl–Mo bond energies; however, this appears not to be the case. The lack of 
reaction of 8-Ph with MF2 (M = Sn, Zn) is easily understood as these two compounds are only weakly 
Lewis acidic. It is possible that the key difference in the reactivity of main-group halides towards 5-Ph 
and 8-Ph can be explained in terms of the availability of the oxygen to participate in bonding. Earlier, it 
was suggested that coordination of MX2 to the oxygen atom may form the first intermediate in a stepwise 
reaction. The less bulkly methoxy groups are more accessible to these reagents than the corresponding 
trimethylsiloxy derivative. Therefore, the combined kinetics of Lewis acid binding to the oxygen atom 
and the stability of the so-formed intermediate complex may be responsible for the contrast in reactivity 
between 5-Ph and 8-Ph. 
Conclusions 
A synthesis of organic nitriles burgeoning from N2 cleavage by 1 has been accomplished. The most 
critical step of this synthesis is the reaction between Mo(IV) ketimide complexes, 5-R and 8-R, and SnCl2 
or ZnCl2 to form the nitrile product and 6 under mild synthetic conditions. Access to these ketimide 
compounds depended newly developed methods to form a C–N bond between 3 and organic 
electrophiles. To effect these transformations, Lewis acidic silicon reagents were used to induce the 
reaction between both acid chlorides and chloroethers and 3. The combination of these synthetic methods 
resulted in a synthetic cycle consisting of five discrete chemical transformations to synthesize a nitrile 
product. Although the direct reaction between 1 and nitriles will likely prevent the described chemical 
system from being used directly in catalysis, the cyclic synthesis serves as a model for a catalytic system. 
Variations upon the model cycle presented here may result in the catalytic transfer of N2 into two 
equivalents of an organic product.  
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Experimental Section 
General Considerations. All manipulations were carried out under an atmosphere of purified nitrogen in 
a Vacuum Atmospheres Model MO-40M glovebox equipped with the QP-30 accessory, or by standard 
Schlenk techniques.51,52 Inside the MO-40M glovebox the ambient temperature ranged from 18–22 °C. 
All glassware was oven-dried at a temperature above 150 °C for at least 12 h and allowed to cool under 
dynamic vacuum prior to use. Celite, alumina, and 4 Å sieves were activated by heating to a temperature 
greater than 180 °C under a dynamic vacuum for 2 d (celite) or 5 d (alumina and 4 Å sieves). Et2O, n-
hexane, and n-pentane were bubble degassed with nitrogen and forced, under positive pressure, through a 
column of activated alumina followed by a column of activated Q5.53 THF was taken from an Aldrich 
Pure-Pac and under positive pressure passed through two columns of activated molecular sieves. THF 
was additionally stirred over sodium metal which was removed by filtration through activated alumina or 
Celite prior to use. CH2Cl2 was bubble degassed with nitrogen and forced, under positive pressure, 
through two columns of activated alumina.53 CHCl3 was distilled from CaH2. All solvents were stored 
over 4 Å sieves. C6D6 was degassed by three freeze-pump-thaw cycles and stored over 4 Å sieves for 3 d 
prior to use. CDCl3 was refluxed over CaH2 for 24 h then distilled and stored over 4 Å sieves. d8-THF was 
dried by stirring over sodium metal and distilled from dark-purple solutions of sodium benzophenone 
ketyl. 1H and 13C NMR shifts are referenced against residual solvent resonances (for C6D6, 7.16 and 
128.39 ppm; for CDCl3, 7.24 and 77.23 ppm; for d8-THF, 3.58 and 67.57 ppm). All 15N NMR spectra are 
externally referenced to neat MeC15N (δ = 245 ppm) with referencen to liquid NH3 (δ = 0 ppm).54 All 19F 
NMR spectra are externally referenced to CFCl3 (δ = 0 ppm). Some NMR data were processed using 
PERCH NMR software.55 The procedure used to obtain 1H NMR yields has been outlined elsewhere.56 
UV-vis spectra were obtained on an HP8453 spectrophotometer in 1 cm quartz cells manufactured by 
Starna. Positive ion ESI-MS were obtained using a Bruker Daltonics APEXIV, 4.7 T Fourier Transform 
Ion Cyclotron Resonance Mass Spectrometer. Combustion analysis was performed by either H. Kolbe, 
Microanalytisches Laboratorium (Mülheim/Ruhr, Germany) or Midwest Microlab, LLC (Indianapolis, 
IN). Magnesium anthracene,57 trimethylsilyl(pyridinium) triflate,27 and [Me3SiNMo(N[t-Bu]Ar)3][OTf]17 
were prepared by literature procedures. Sodium hydride (Aldrich) was purified by treatment with LiAlH4 
(Aldrich).58,59 Magnesium metal (Aldrich, 500 mesh) was heated to 50 °C under a dynamic vacuum for 2 
d before use. No difference in reactivity was noted for MeOCH2Cl when it was prepared by a literature 
procedure or purchased (Aldrich).60 Other chloroethers were prepared by a modification upon literature 
procedures.41,61 Acetyl chloride, benzoyl chloride, pivaloyl chloride, and pyridine were purchased from 
Aldrich and distilled before use. Anhydrous SnCl2 (Strem), anhydrous ZnCl2 (Acros), triisopropylsilyl 
chloride (Oakwood), and methoxymethyl iodide (Aldrich) were purchased from commercial sources and 
used without further purification.  
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Preparation of NMo(N[t-Bu]Ar)3, 3. This is a modification to a published procedure that used 10 equiv 
of KH as a catalyst for N2 uptake by Mo(N[t-Bu]Ar)3.17,62 In a 300 mL round-bottom flask, Mo(N[t-
Bu]Ar)3 (6.250 g, 10.02 mmol) and NaH (260 mg, 10.83 mmol, 1.08 equiv) were combined as solids. To 
this mixture was added 50 mL of THF at 20 °C. The flask was sealed with a rubber septum, as more than 
twice the required amount of N2 (250 mL, 11.16 mmol, 2.23 equiv) is contained within the headspace of 
the flask. The mixture was stirred by a Teflon-coated, magnetic stir bar for 20 h. The mixture was filtered 
through celite to remove the NaH, and the solvent was removed from the filtrate under reduced pressure. 
To the dried filtrate was added n-hexane, and the solvent was again evaporated to remove residual THF. 
The dried residue was then extracted into n-pentane and filtered through celite. Removal of the solvent 
from the filtrate afforded NMo(N[t-Bu]Ar)3 (6.088 g, 9.452 mmol, 95.2%) as a bright yellow powder. 
Spectroscopic data for this compound have been reported.20 
Synthesis of [PhC(O)NMo(N[t-Bu]Ar)3][OTf], 4-Ph[OTf]. At 20 °C, to a CH2Cl2 solution of 
[Me3SiNMo(N[t-Bu]Ar)3][OTf] (624 mg, 0.726 mmol) was added benzoyl chloride (150 mg, 1.07 mmol, 
1.47 equiv), dropwise. The resulting solution was stirred for 2 minutes before a catalytic amount of 
pyridine (10 mg, 0.127 mmol, 0.175 equiv) was added as an oil. This CH2Cl2 solution (6 mL) took on a 
red color while stirring was continued for 2 h. After that time, approximately half the solvent was 
removed under a dynamic vacuum until solids precipitated from the mixture. Then thawing Et2O (3 mL) 
and thawing n-pentane (10 mL) were added to the mixture and it was stored at ca. –100 °C for 15 min to 
precipitate the product.The mixture was filtered and the red-brown precipitate collected atop a sintered 
glass frit. The red-brown solid was washed with cold (–130 °C) n-pentane until the washings were 
colorless. The resulting powder was dried under vacuum (486 mg, 0.544 mmol, 75.0%). Spectroscopic 
data and preparation of the 15N-labeled derivative have been reported previously.17 
Synthesis of [t-BuC(O)NMo(N[t-Bu]Ar)3][OTf], 4-t-Bu[OTf]. This procedure was performed in three 
separate reaction vessels. For the first vessel: a solution of pivaloyl chloride (71 mg, 0.589 mmol, 1.25 
equiv; 2 mL CH2Cl2) was added to a trimethylsilyl(pyridinium) triflate (144 mg, 0.478 mmol, 1.02 equiv; 
1.5 mL CH2Cl2) slurry at –96 °C. The resulting mixture was stirred for 1 min over which time it became 
homogenous. The resulting solution was frozen in a liquid nitrogen cold well and upon thawing the 
solution was added dropwise to a CH2Cl2 slurry of NMo(N[t-Bu]Ar)3 (300 mg, 0.470 mmol; 3 mL 
CH2Cl2). The resulting solution was stirred at ambient temperature for 2.5 h, over which time it slowly 
took on a red color. The reaction mixture was transferred into a 125 mL filtration flask and 10 mL of Et2O 
was added. Then the solvent was removed under reduced pressure and stored under a dynamic vacuum 
for 2 h to remove pyridine. The resulting residue was tacky and was cooled to –35 °C for at least 90 min 
to freeze the mixture. This procedure was repeated in a separate flask with the same quantities given 
above and a third flask containing NMo(N[t-Bu]Ar)3 (243 mg, 0.381 mmol), pivaloyl chloride (58 mg 
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0.481 mmol, 1.26 equiv), trimethylsilyl(pyridinium) triflate (117 mg, 0.389 mmol, 1.02 equiv). The 
frozen mixtures from all three reactions were scraped onto a sintered glass frit and washed with n-pentane 
(5 mL × 4; –135 °C) and Et2O (5 mL × 2; –116 °C) to afford a bright red powder (735 mg, 0.842 mmol, 
64%). X-ray quality crystals are obtained by storing a CH2Cl2 solution layered with Et2O/n-pentane (1:4) 
at –35 °C. 1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.08 (s, 3 H, para-Ar), 5.69 (s, 6 H, ortho-Ar), 2.23 (s, 
18 H, Ar–CH3), 1.55 (s, 9 H, H3CC(O)),1.32 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 MHz, CDCl3, 20 
°C): δ = 173.4 (C=O), 149.9 (ipso-aryl), 138.9 (aryl), 131.3 (aryl), 126.4 (aryl), 77.2 (NCMe3), 69.8 
(CC(CH3)3), 31.7 (NC(CH3)3), 27.6 (CC(CH3)3), 21.6 (Ar–CH3) ppm. 19F (282 MHz, CDCl3, 20 °C): δ = –
78.35 ppm. FT-IR (CDCl3, 20 °C): νCO = 1688 cm–1. Anal. Calcd for C42H63F3MoN4O4S: C, 57.79; H, 
7.27; N, 6.42. Found: C, 56.75; H, 6.44; N 6.21. 
Stability of NMo(N[t-Bu]Ar)3, 3, to (i-Pr)3SiOTf. As a yellow powder, NMo(N[t-Bu]Ar)3 (24 mg, 
0.0376 mmol) was weighed into an NMR tube. Then (i-Pr)3SiOTf (12 mg, 0.0392 mmol, 1.04 equiv) was 
added to the tube as a CDCl3 solution (1 mL) at ambient temperature. After 30 min, a 1H NMR was 
obtained in which all resonances were attributed to either NMo(N[t-Bu]Ar)3 or (i-Pr)3SiOTf. 
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Figure 14. 1H NMR spectrum (400 MHz, CDCl3, 20 °C) shows the crude reaction mixture containing 4-Me[OTf] 
and TIPSCl which results from treatment of 3 with TIPSOTf and MeC(O)Cl. 
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Synthesis of [MeC(O)NMo(N[t-Bu]Ar)3][OTf], 4-Me[OTf]. A solution of (i-Pr)3SiOTf (964 mg, 3.15 
mmol, 1.0 equiv; 4 mL CH2Cl2) was added to a solution of MeC(O)Cl (267 mg, 3.40 mmol, 1.09 equiv; 6 
mL CH2Cl2) at –97.6 °C, and this solution was stirred for 30 s before it was frozen. To the frozen solution 
was added NMo(N[t-Bu]Ar)3 (2.00 g, 3.13 mmol) as a CH2Cl2 slurry (10 mL, –97.6 °C). The mixture was 
allowed to stir at 20 °C for 70 min. Over that time the mixture took on a dark red color. The reaction 
mixture was transferred into a 125 mL filtration flask to which 10 mL of Et2O was added and the solvent 
removed from under dynamic vacuum. This afforded a brick red powder that was scraped onto a sintered 
glass frit, washed with cold n-pentane (10 mL × 4, –130 °C), and dried to a bright red powder (2.395 g, 
2.88 mmol, 92%). 1H NMR (500 MHz, CDCl3, 20 °C): δ = 7.08 (s, 3 H, para-Ar), 5.62 (br-s, 6 H, ortho-
Ar), 2.81 (s, 3 H, H3CC(O)), 2.22 (s, 18 H, Ar–CH3), 1.33 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 MHz, 
CDCl3, 20 °C): δ = 176.08 (C=O) , 147.26 (ipso-aryl), 139.17 (aryl), 131.42 (aryl), 126.70 (aryl), 71.36 
(NCMe3), 61.37 (NC(O)CH3), 33.0, 31.97, 21.9 Ar–CH3) ppm. 19F (282 MHz, CDCl3, 20 °C): δ = –76.85 
ppm. FT-IR (CH2Cl2, 20 °C): νCO = 1702 cm–1 Anal. Calcd for C39H57F3MoN4O4S: C, 56.38;H, 6.91; N, 
6.74. Found: C, 55.88; H, 6.75; N, 7.25. For the 15N-labeled derivative, 15N NMR (50 MHz, CDCl3, 20 
°C): δ = 574 ppm. 
Preparation of [MeOC(O)CH2CH2C(O)NMo(N[t-Bu]Ar)3][OTf]. To a solution of (i-Pr)3SiOTf (743 
mg, 2.428 mmol, 1 equiv; 2 mL CH2Cl2) was added a solution of methyl 4-(chloro)-4-oxo-butyrate (341 
mg, 2.266 mmol, 0.93 equiv; 4 mL CH2Cl2) at –96 °C. The resulting solution was stirred for 1 min before 
it was frozen in a liquid-nitrogen cooled cold well. Upon thawing, this solution was added dropwise to a 
solution of NMo(N(t-Bu)Ar)3 (1.548, 2.426 mmol; 15 mL CH2Cl2) at –96 °C. The resulting mixture was 
stirred at 20 °C for 90 min, after which time the mixture was transferred to a 125 mL flask and the solvent 
was removed under reduced pressure. Removal of the solvent afforded a red-brown foam that was scraped 
onto a sintered-glass frit. The red-brown powder was then washed with thawing n-pentane (–130 °C) 4 × 
10 mL, thawing Et2O (–116 °C) 2 × 10 mL, and 15 mL of Et2O (20 °C). Drying of the washed powder 
yielded the product as a red-orange powder (1.817 g, 2.036 mmol, 84%). 1H NMR (400 MHz, CDCl3, 20 
°C): δ = 7.06 (s, 3 H, para-Ar), 6.15 (s, 6 H, ortho-Ar), 3.73 (s, 3 H, H3CO), 3.32 (d, 2 H, CH2), 2.98 (d, 2 
H, CH2), 2.20 (s, 18 H, Ar–CH3), 1.32 (s, 27 H, C(CH3)3) ppm. 19F (282 MHz, CDCl3, 20 °C): δ = –76.5 
ppm. FT-IR (CH2Cl2, 20 °C) νCO = 1738 cm–1. For the 15N-labeled derivative, 15N NMR (50 MHz, CDCl3, 
20 °C): δ = 471 ppm. ESI-MS: m/z = 756.3782 (756.3768, M+). 
Preparation of [4-MeOC6H4C(O)NMo(N[t-Bu]Ar)3][OTf]. 4-MeOC6H4C(O)Cl (409 mg, 2.35 mmol, 1 
equiv) is added to (i-Pr3)SiOTf (720 mg, 2.35 mmol, 1 equiv; 12 mL CH2Cl2) at –98 °C. The resulting 
mixture is added dropwise to NMo(N[t-Bu]Ar)3 (1.5 g, 2.35 mmol; 4 mL CH2Cl2) at –98 °C. This mixture 
stirred for 3 h over which time was warmed to 20 °C. The solvent was then removed in vacuo to afford 
solids that were suspended in n-hexane (10 mL), before the suspension was dried under reduced pressure. 
 
Synthesis of Nitriles from Dinitrogen 117
 
This procedure gives a red powder that was scraped onto a frit and washed with n-pentane (10 mL × 4, 
–130 °C) and n-pentane (5 mL × 2, 20 °C). A red-orange powder is isolated (1.849 g, 1.97 mmol, 85%). 
1H NMR (400 MHz, CDCl3, 20 °C): δ = 8.34 (s, 2 H, NC(O)C3H2), 7.29 (s, 2 H, C3H2OMe), 7.08 (s, 3 H, 
para-Ar), 5.75 (s, 6 H, ortho-Ar), 4.03 (s, 3 H, OCH3), 2.25 (s, 18 H, Ar–CH3), 1.34 (s, 27 H, C(CH3)3) 
ppm. 19F (282 MHz, CDCl3, 20 °C): δ = –76.5 ppm. For the 15N-labeled derivative, 15N NMR (50 MHz, 
CDCl3, 20 °C): δ = 475 ppm. ESI-MS: m/z = 776.3863 (776.1819, M+). 
Synthesis of [Me2NC(O)NMo(N[t-Bu]Ar)3][OTf]. To solid NMo(N(t-Bu)Ar)3 (100 mg, 0.157 mmol) 
was added i-Pr3SiOTf (45 mg, 0.147 mmol, 0.94 equiv). To this mixture was added 2.5 mL of 
Me2NC(O)Cl at 20 °C, and the resulting solution was stirred for 1.5 h during which time the initially 
yellow solution acquired an orange color. While a solid material may be obtained by distillation of the 
solvent, an isolated yield was not obtained. 1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.06 (s, 3 H, para-
Ar), 5.70 (s, 6 H, ortho-Ar), 3.54 (s, 3 H, NCH3), 3.25 (s, 3 H, NCH3), 2.22 (s, 18 H, Ar–CH3), 1.31 (s, 27 
H, C(CH3)3) ppm. 19F (282 MHz, CDCl3, 20 °C): δ = –76.5 ppm. For the 15N-labeled derivative, 15N NMR 
(50 MHz, Me2NC(O)Cl, 20 °C): δ = 455 ppm. ESI-MS: m/z = 713.3838 (713.3822, M+). 
Synthesis of Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 5-Ph. As a red-brown powder, [Ph(O)CNMo(N[t-
Bu]Ar)3][OTf] (3.722 g, 4.173 mmol), was suspended in 30 mL Et2O and cooled to –35 °C prior to the 
addition of magnesium anthracene, [Mg(THF3)][C14H10], (2.26 g, 5.407 mmol, 1.3 equiv) as a cold (–35 
°C), orange powder. Upon mixing, the reaction mixture took on a dark magenta hue. After 25 min, the 
mixture was filtered through a wet celite bed into a flask containing Et2O. The celite bed was then washed 
with Et2O and care was taken to not allow the celite bed to dry out between washings. After thoroughly 
washing the bed, the black residues that remained atop the frit were discarded and the filtrate (ca. 80 mL 
in volume) was transferred into a 300 mL round bottom flask. The filtrate was then frozen in a liquid 
nitrogen cooled cold-well.  
To the thawing filtrate, a cold (–116 °C), Et2O solution of Me3SiOTf (926 mg, 4.171 mmo1, 1 equiv 
based upon the imido starting material; total volume of solution is 20 mL) was added dropwise. The 
filtrate changed in color from dark magenta to green upon the addition of Me3SiOTf. This solution was 
allowed to stir at ambient temperature for 3 h. After that time, the solvent was removed under a dynamic 
vacuum. To the remaining residue, n-pentane (ca. 125 mL) was added until nearly all the solids were 
dissolved. The resulting mixture was frozen and filtered through celite as the solution thawed. Atop the 
celite pad were collected greasy, green solids. These solids were once again taken up in n-pentane (ca. 60 
mL), the mixture frozen, and the thawing mixture filtered through celite. Solids that remained atop the 
celite pad were discarded. Anthracene produced during the reduction of [Ph(O)CNMo(N[t-Bu]Ar)3][OTf] 
is included among these solids.  
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The two filtrates were combined and the solvent removed from them under a dynamic vacuum until 
only a green residue remained in the flask. The residue was dissolved in Et2O (30 mL) before the solvent 
was once again stripped off under a dynamic vacuum. This procedure provided a solid foam which was 
harvested. The solid so obtained contain small amounts of NMo(N[t-Bu]Ar)3 and HN[t-Bu]Ar as 
impurities (2.698 g, 3.303 mmol, 79% crude yield). Analytically pure material was obtained by storing a 
solution of these solids (1:2 n-pentane/HMDSO) at –35 °C for 2 d to precipitate dark green solids (2.629 
g, 3.218 mmol, 77% in three crops). X-ray quality single crystals were obtained by storing a solution of 
purified material in n-pentane at –35 °C for several days. 1H NMR (400 MHz, C6D6, 20 °C): δ = 7.133 
(m, 2 H, Ph), 6.816 (s, 6 H, ortho-Ar), 6.777 (m, 1 H, Ph), 6.645 (s, 3 H, para-Ar), 6.614 (m, 2 H, Ph), 
2.218 (s, 18 H, Ar–CH3), 1.351 (s, 27 H, C(CH3)3), 0.278 (s, 9H, (H3C)3Si) ppm. 13C NMR (125 MHz, 
C6D6, 20 °C): δ = 193.2 (C=N), 152.9 (aryl), 150.8 (aryl), 137.4 (aryl), 134.4 (aryl), 131.3 (aryl), 127.9 
(aryl), 126.9 (aryl), 126.7 (aryl), 63.3 (C(CH3)3), 31.8 (C(CH3)3), 21.8 (Ar–CH3), 2.4 (Si(CH3)3) ppm. 
UV-vis (n-pentane, 20 °C): λ (ε) = 429 (3627), 624 (2769) nm (M–1cm–1). Anal. Calcd for 
C46H68MoN4OSi: C, 67.62; H, 8.39; N, 6.86. Found: C, 67.15; H, 8.64; N, 6.75. 
Synthesis of Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3, 5-t-Bu. To an Et2O slurry of [t-BuC(O)NMo(N[t-
Bu]Ar)3][OTf] (240 mg, 0.275 mmol; 10 mL Et2O) was added magnesium anthracene, 
[Mg(THF3)][C14H10], (150 mg, 0.261 mmol, 1.3 equiv) at –35 °C. This mixture was stirred at ambient 
temperature for 20 min. Over that time the reaction mixture took on a green-brown color. The mixture 
was filtered through a wet celite bed onto a bed of Et2O, and care was taken not to completely dry-out the 
celite bed at any time.  
The filtrate obtained from reduction of [t-BuC(O)NMo(N[t-Bu]Ar)3][OTf] was frozen (–116 °C) 
before an Et2O solution of Me3SiOTf (100 mg, 0.126 mmol, 0.95 equiv; in 10 mL of Et2O) was added 
dropwise to the thawing filtrate. The resulting mixture was stirred for 3 h, over which time it became blue 
in color. The solvent was removed under reduced pressure and the residuals dissolved in n-pentane. The 
n-pentane solution was frozen and filtered, as it thawed, through a celite bed. Solvent was removed from 
the blue filtrate under reduced pressure and the resulting solids dissolved in Et2O. Removal of Et2O from 
this solution, under dynamic vacuum, afforded blue foam which was collected (100 mg, 0.125 mmol, 
45.6%). 1H NMR (400 MHz, C6D6, 20 °C): δ = 6.81 (s, 3 H, para-Ar), 6.65 (s, 6 H, ortho-Ar), 2.23 (s, 18 
H, Ar–CH3), 1.34 (s, 27 H, NC(CH3)3), 1.05 (s, 3 H, CC(CH3)3)), 0.42 (s, 9 H, H3CSi) ppm. 13C NMR 
(100 MHz, C6D6, 20 °C): δ = 200.6 (C=N), 169.2 (ipso-aryl), 138.6 (aryl), 137.2 (ary), 126.5 (aryl), 63.8 
(NCMe3), 37.6, 32.5, 30.3, 21.9 (Ar–CH3), 3.8 (SiCH3) ppm. UV-vis (n-pentane, 20 °C): λ (ε) = 510 
(527), 633 (858) nm (M–1cm–1). Anal. Calcd for C44H72MoN4OSi: C, 66.30; H, 9.10; Mo, 12.04; N, 7.03; 
O, 2.01; Si, 3.52. Found: C, 65.76; H, 9.48; N, 6.53. 
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Synthesis of Me3SiO(Me)CNMo(N[t-Bu]Ar)3, 5-Me. As powders [MeC(O)NMo(N[t-Bu]Ar)3][OTf] 
(2.50 g, 3.01 mmol) and magnesium anthracene, [Mg(THF3)][C14H10], (1.51 g, 3.61 mmol, 1.2 equiv) 
were mixed and cooled in a liquid nitrogen cold well for 15 min. After that time, Et2O (40 mL, –110 °C) 
was added to the powders and the resulting mixture stirred at ambient temperature for 20 min. Over that 
time the reaction mixture took on an aquamarine color. The mixture was filtered through a wet celite bed 
onto a bed of Et2O, and care was taken not to completely dry-out the celite bed at any time.  
The filtrate obtained from reduction of [MeC(O)NMo(N[t-Bu]Ar)3][OTf] was frozen (–110 °C), and 
Me3SiOTf (649 mg, 2.92 mmol, 0.97 equiv; in 15 mL of Et2O cooled to –110 °C) was added to the frozen 
filtrate as it thawed. The resulting mixture was stirred for 50 min, over which time it became purple in 
color. The solvent was removed under reduced pressure and the resulting residue dissolved in n-pentane. 
The n-pentane solution was frozen and filtered, as it thawed, through a celite bed. Solvent was removed 
from the purple filtrate under reduced pressure to afford an purple oil (1.82 g, 83.2%). This purity of this 
oil is greater than 95%, as judged by 1H NMR. Impurities included only free aniline and NMo(N[t-
Bu]Ar)3. This material was dissolved in a minimum of Et2O, forming a solution to which an equal volume 
of MeCN was added. This solution was then concentrated in vacuo until solids began to precipitate, and 
the mixture stored at –35 °C. This procedure afforded pure Me(Me3SiO)CNMo(N[t-Bu]Ar)3 as a 
crystalline solid; however, material crystallized in this manner was not used for the reactions with SnCl2 
and ZnCl2 (in which MeCN is a product). 1H NMR (400 MHz, C6D6, 20 °C): δ = 6.72 (s, 6 H, ortho-Ar), 
6.69 (s, 3H, para-Ar), 2.40 (s, 3 H, NC(OSiMe3)CH3), 2.24 (s, 18 H, C6H3(CH3)2), 1.32 (s, 27 H, 
C(CH3)3), 0.24 (s, 9 H, SiCH3) ppm. 13C NMR (C6D6, 100 MHz, 20 °C): δ = 190.942 (N=C), 152.7 (ipso-
aryl), 147.9 (aryl), 137.0 (aryl), 126.4 (aryl), 62.9 (NCMe3), 31.8, 31.7, 22.1 (C6H3(CH3)2), 1.8 (SiCH3) 
ppm. UV-vis (n-pentane, 20 °C): λ (ε) = 519 (1039), 600 (1020) nm (M–1cm–1). Anal. Calcd for 
C41H6MoN4OSi: C, 65.22; H, 8.81; N, 7.42. Found: C, 64.99; H, 8.85; N, 7.17. For the 15N-labeled 
derivative, 15N NMR (50 MHz, C6D6, 20 °C): δ = 503 ppm. 
Preparation of Me3SiO(4-MeOC6H4)CNMo(N[t-Bu]Ar)3. To [4-MeOC6H4C(O)NMo(N[t-
Bu]Ar)3][OTf] (1.460 g, 1.525 mmol; 40 mL Et2O) was added magnesium anthracene, 
[Mg(THF3)][C14H10], (830 mg, 1.99 mmol, 1.3 equiv) at –116 °C. This mixture was stirred for 25 min at 
20 °C, which produced a green mixture. Filtration of this mixture through celite, removed excess solids 
and gave a green filtrate. This solution was cooled to –116 °C prior to the addition of Me3SiOTf (335 mg, 
1.510 mmol, 1 equiv; Et2O 40 mL) is performed at –116 °C. The resulting mixture was stirred at 20 °C 
for 6 h before the solvent was removed under reduced pressure. Evaporation of the solvent gave a green 
solid that was extracted into n-pentane. This solution was frozen, and then filtered through celite as it 
thawed (ca. –130 °C). Further purification is effected by crystallization from n-pentane/HMDSO (1:5) 
solutions stored at –35 C. 1H NMR (C6D6, 400 MHz, 20 °C): δ = 6.83 (s, 6 H, ortho-Ar), 6.77 (d, 2 H, 
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C3H2CO), 6.65 (s, 3 H, para-Ar), 6.52 (d, 2 H, C3H2OMe), 3.37 (s, 3 H, OCH3), 2.23 (s, 18 H, Ar–CH3), 
1.32 (s, 27 H, C(CH3)3), 0.30 (s, 9 H, SiCH3) ppm.  
Reaction of Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 5-Ph, with ZnCl2. 
Yield of ClMo(N[t-Bu]Ar)3. (Me3SiO)PhCNMo(N[t-Bu]Ar)3 (1.000 g, 1.224 mmol) was frozen in 8 
mL of THF. As this solution thawed, a freshly thawed solution of ZnCl2 (168 mg, 1.231 mmol, 1.00 
equiv; in 8 mL THF) was added dropwise. The resulting mixture was stirred for 3 h as it warmed to room 
temperature. After this time, the solution was dried under a dynamic vacuum. To the dried residue, n-
hexane was added and the resulting mixture was stripped of solvent. To this newly dried residue, n-
hexane was added and again the solvent was removed under a dynamic vacuum. The remaining solids 
were scraped onto a sintered glass frit and washed thoroughly with HMDSO. The filtrate was collected 
and dried to afford an orange powder, ClMo(N[t-Bu]Ar)3 (161 mg, 0.24 mmol, 20%). ClMo(N[t-Bu]Ar)3 
was identified by characteristic 1H NMR shifts, elemental analysis, and a unit cell measurement of a 
single crystal.21 Single crystals were grown from n-pentane at –35 °C. Unit cell parameters for the 
monoclinic, P21 crystal are a = 10.733 Å, b = 11.143 Å, c = 14.869 Å, α = 90.000°, β = 94.496°, γ = 90°. 
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Figure 15. 1H NMR (600 MHz, d8-THF, 20 °C) of the aromatic region resulting from treatment of 5-Ph with ZnCl2 
in d8-THF. The benzonitrile product and 1,4-dimethoxybenzene as an internal standard are shown. 
Yield of PhCN. A stock solution of 1,4-dimethoxybenzene (1.959 mL, 0.0501 M) was added to ZnCl2 
(17 mg, 0.125 mmol, 1.02 equiv) and the mixture dried under dynamic vacuum. To the dried residue was 
added Me3SiO(Ph)CNMo(N[t-Bu]Ar)3 (100 mg, 0.123 mmol) and the combined solids dissolved in d8-
THF (–110 °C). This mixture was stirred for 4 h before being loaded into an NMR tube, over this time the 
green solution had turned dark orange in color. 1H NMR analysis indicated a yield of 98.0%. 
1H NMR analysis was performed on a Bruker 600 MHz NMR equipped with an inverse cryoprobe. In 
the region of interest (6.6–7.8 ppm), the integrals were invariant over a range of delay times (8, 16, and 64 
sec). In d8-THF, PhCN resonates at 7.67, 7.60, 7.47 ppm and 1,4-dimethoxybenzene at 6.77 ppm in 
 
Synthesis of Nitriles from Dinitrogen 121
 
reference to residual THF (3.58 ppm). The production of PhCN during this reaction was confirmed by 
CG-MS. 
Reaction of Me3SiO(Ph)C15NMo(N[t-Bu]Ar)3, 15N-5-Ph, and ZnCl2. Me3SiO(Ph)C15NMo(N[t-Bu]Ar)3 
was prepared in a fashion identical to the unlabeled compound starting from 15NMo(N[t-Bu]Ar)3. The 15N 
spectrum was acquired on a Varian INOVA 500MHz spectrometer (1024 scans, externally referenced to 
neat MeC15N at 345 ppm—compared to 15NH3 at 0 ppm). 15N NMR (50.7 MHz, C6D6, 20 °C): δ = 404.1 
ppm . 
Me3SiO(Ph)C15NMo(N[t-Bu]Ar)3 (47 mg, 0.058 mmol) was weighed into a tared vial and suspended 
in 1mL of THF. ZnCl2 (8 mg, 0.59 mmol, 1 equiv) was weighed into a vial and dissolved in 2 mL of 
THF. At –110 °C the solution containing ZnCl2 was added dropwise to the frozen, green solution of 
(Me3SiO)PhC15NMo(N[t-Bu]Ar)3. The resulting mixture was allowed to stir at ambient temperature for 3 
h before the solvent was removed under reduced pressure. The remaining residue was dissolved in C6D6 
for 15N NMR analysis. The 15N spectrum was acquired on a Varian INOVA 500 MHz spectrometer (2048 
scans, externally referenced to neat MeCN at 345 ppm). 15N (50.7 MHz, C6D6, 20 °C): δ = 260.7 ppm. No 
other resonances were observed in a window from 0 to 1000 ppm. 
Reaction of Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 5-Ph, with SnCl2. 
Yield of ClMo(N[t-Bu]Ar)3. Me3SiO(Ph)CNMo(N[t-Bu]Ar)3 (1.000 g, 1.224 mmol) was frozen in 10 
mL of Et2O. This solution was thawed then added at once to a frozen slurry of SnCl2 (235 mg, 1.237 
mmol, 1.01 equiv) in 2 mL Et2O. The resulting solution was stirred for 1 h as it warmed to room 
temperature. The solution was filtered through celite and dried under a dynamic vacuum. The solids were 
scraped onto a sintered glass frit and washed with thawing HMDSO. The solids were then dissolved in n-
pentane and stored at –35 °C. This afforded 463 mg of ClMo(N[t-Bu]Ar)3 and the mother liquor was 
dried before it was dissolved in 1:1 Et2O/n-pentane to afford 334 mg of ClMo(N[t-Bu]Ar)3 in a two crops 
(overall: 797 mg, 1.133 mmol, 92.5%). ClMo(N[t-Bu]Ar)3 was identified by characteristic 1H NMR shifts 
and a unit cell measurement of a single crystal.21 Unconstrained unit cell parameters for the monoclinic, 
P21 crystal are a = 10.729 Å, b = 11.141 Å, c = 14.848 Å, α = 90.017°, β = 94.692°, γ = 90.168°. Anal. 
Calcd for C36H54ClMoN3: C, 65.49; H, 8.24; Cl, 5.37; Mo, 14.53; N, 6.36. Found: C, 65.65; H, 8.45; N, 
6.40; Cl, 5.20. 
Yield of PhCN. A stock solution of 1,4-dimethoxybenzene (1.770 mL, 0.0501M) was added to SnCl2 
(24 mg, 0.126 mmol, 1.04 equiv) and the mixture dried under dynamic vacuum to remove Et2O. To the 
dried residue was added Me3SiO(Ph)CNMo(N[t-Bu]Ar)3 (100 mg, 0.122 mmol) and the combined solids 
dissolved in d8-THF (–110 °C). This mixture was stirred for 4 h before being loaded into an NMR tube, 
over this time the green solution had turned dark orange in color. 1H NMR analysis indicated a yield of 
97.1%. The production of PhCN during this reaction was confirmed by CG-MS. 
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1H NMR analysis was performed on a Bruker 600 MHz NMR equipped with an inverse cryoprobe. In 
the region of interest (6.6–7.8 ppm), the integrals were invariant over a range of delay times (8, 16, and 64 
sec). In d8-THF, PhCN resonates at 7.67, 7.60, 7.47 ppm and 1,4-dimethoxybenzene at 6.77 ppm versus 
residual THF, 3.58 ppm. 
T1 measurements of reaction mixtures obtained from Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 5-Ph, and 
MX2 (M = Zn, Sn). The reaction between Me3SiO(Ph)CNMo(N[t-Bu]Ar)3 and MX2 (M = Sn, Zn) was 
run as described in each of the preparations used to determine the NMR yield of PhCN. The crude 
reaction mixture was dried and dissolved in C6D6 to form a homogeneous solution. Using a Varian 
INOVA 500 MHz spectrometer, the T1 was determined for all resonances in the region between 6.30 and 
7.15 ppm. In this region, the smallest and largest measured T1 was 0.668 and 1.14 sec when measured at 
20 °C.  
Reaction of Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3, 5-t-Bu, with SnCl2. To an NMR tube was added 
Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3 (84 mg, 0.106 mmol) and 1,4-dimethoxybenzene (11 mg, 0.080 mmol) 
which were completely dissolved in C6D6 (1 mL). The relative concentrations of (Me3SiO)t-
BuCNMo(N[t-Bu]Ar)3 and 1,4-dimethoxybenzene were measured by 1H NMR. Then SnCl2 (20 mg, 
0.105 mmol) was added to the NMR tube, and the tube was quickly capped. The tube was shaken 
vigorously once every 15 min. After only 40 min the mixture had taken on the orange color of ClMo(N[t-
Bu]Ar)3. After 90 min, the relative concentration of t-BuCN and 1,4-dimethoxybenzene were measured 
by 1H NMR. Using 1,4-dimethoxybenzene as an internal standard, the yield of t-BuCN was determined 
from the integrals of Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3 and t-BuCN. The yield of t-BuCN is 99.9%. 1H 
NMR measurements were made on a Varian INOVA 500 MHz, inverse probe spectrometer. All integrals 
were invariant for delay times of 8, 16, and 32 seconds (8 scan spectra). The mixture was concentrated to 
dryness under dynamic vacuum. Then the mixture was extracted with n-pentane and the mixture filtered 
through celite. ClMo(N[t-Bu]Ar)3 was crystallized at –35 °C from the filtrate (61.0 mg, 0.924 mmol, 87.6 
%).  
The procedure given above was repeated in Et2O for the purpose of GC-MS analysis: The crude 
reaction mixture was separated by vacuum transfer of the volatiles, and GC-MS analysis of this fraction 
confirmed the production of t-BuCN during this reaction. 
Reaction of Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3, 5-t-Bu, with ZnCl2. To an NMR tube was added 
Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3 (60 mg, 0.075 mmol) and 1,4-dimethoxybenzene (ca. 13 mg, 0.094 
mmol) and completely dissolved in C6D6 (1 mL). The relative concentration of Me3SiO(t-Bu)CNMo(N[t-
Bu]Ar)3 and 1,4-dimethoxybenzene were measured by 1H NMR. Then ZnCl2 (11 mg, 0.081, 1.08 equiv) 
was added to the NMR tube, and the tube was quickly capped. The tube was shaken vigorously once 
every 30 min. After only 90 min the mixture had taken on the orange color of ClMo(N[t-Bu]Ar)3. After 4 
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h, the relative concentration of t-BuCN and 1,4-dimethoxybenzene were measured by 1H NMR. Using 
1,4-dimethoxybenzene as an internal standard, the yield of t-BuCN was determined from the integrals of 
Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3 and t-BuCN. The yield of t-BuCN is 99.9%. 1H NMR measurements 
were made on a Varian INOVA 500 MHz, inverse probe spectrometer. All integrals were invariant for 
delay times of 8, 16, and 32 seconds (8 scan spectra). Due to the difficulties in separating the zinc-
containing by-products from ClMo(N[t-Bu]Ar)3, the yield of ClMo(N[t-Bu]Ar)3 was not measured. In the 
1H NMR, ClMo(N[t-Bu]Ar)3 is the major molybdenum-containing product.  
Reaction of Me3SiO(Me)CNMo(N[t-Bu]Ar)3, 5-Me, with SnCl2. 
Yield of MeCN. To an NMR tube was added Me3SiO(Me)CNMo(N[t-Bu]Ar)3 (100 mg, 0.135 mmol) 
and 1,4-dimethoxybenzene (ca. 13 mg, 0.94 mmol) and completely dissolved in C6D6 (1 mL). The 
relative concentration of Me3SiO(Me)CNMo(N[t-Bu]Ar)3 and 1,4-dimethoxybenzene were measured by 
1H NMR. Then SnCl2 (27 mg, 0.143 mmol, 1.06 equiv) was added to the NMR tube, and the tube was 
quickly capped. The tube was shaken vigorously once every 15 min. After only 40 min the mixture had 
taken on the orange color of ClMo(N[t-Bu]Ar)3. After 90 min, the relative concentration of t-BuCN and 
1,4-dimethoxybenzene were measured by 1H NMR. Using 1,4-dimethoxybenzene as an internal standard, 
the yield of MeCN was determined by the integrals of Me3SiO(Me)CNMo(N[t-Bu]Ar)3 and MeCN. The 
yield of MeCN is 99.9%. 1H NMR measurements were made on a Varian INOVA 500 MHz, inverse 
probe spectrometer. All integrals were invariant for delay times of 8, 16, and 32 seconds (8 scan spectra).  
Yield of ClMo(N[t-Bu]Ar)3. Me3SiO(Me)CNMo(N[t-Bu]Ar)3 (1.022 g, 1.3554 mmol) was dissolved in 
Et2O (15 mL) and the solution cooled to –35 °C. To the cooled solution was added SnCl2 (257 mg, 1.35 
mmol, 1 equiv). The mixture was stirred for 45 min over which time it took on an orange color. The 
reaction mixture was concentrated to dryness. To remove MeCN from the mixture: to the dried reaction 
mixture was added 10 mL of n-hexane and the solvent was removed under a dynamic vacuum and this 
procedure was repeated. To the dried mixture was added n-pentane, and the mixture was filtered through 
celite. The filtrate was concentrated and stored at –35 °C to afford ClMo(N[t-Bu]Ar)3 (638 mg, 0.967 
mmol, 71.4%). 
Reaction of Me3SiO(Me)CNMo(N[t-Bu]Ar)3, 5-Me, with ZnCl2. To an NMR tube was added 
Me(Me3SiO)CNMo(N[t-Bu]Ar)3 (100 mg, 0.133 mmol) and 1,4-dimethoxybenzene (ca. 11 mg, 0. mmol) 
which where completely dissolved in C6D6 (1 mL). The relative concentration of Me3SiO(Me)CNMo(N[t-
Bu]Ar)3 and 1,4-dimethoxybenzene were measured by 1H NMR. Then ZnCl2 (20 mg, 0.123 mmol, 1.08 
equiv) was added to the NMR tube, and the tube was quickly capped. The tube was shaken vigorously 
once every 30 min. After only 90 min the mixture had taken on the orange color of ClMo(N[t-Bu]Ar)3. 
After 4 h, the relative concentration of MeCN and 1,4-dimethoxybenzene were measured by 1H NMR. 
Using 1,4-dimethoxybenzene as an internal standard, the yield of MeCN was determined by the integrals 
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of Me3SiO(Me)CNMo(N[t-Bu]Ar)3 and MeCN. The yield of MeCN is 99.3%. 1H NMR measurements 
were made on a Varian INOVA 500 MHz, inverse probe spectrometer. All integrals were invariant for 
delay times of 8, 16, and 32 seconds (8 scan spectra). This procedure was repeated in Et2O for the purpose 
of GC-MS analysis: The crude reaction mixture was separated by vacuum transfer of the volatiles, and 
GC-MS analysis of this fraction confirmed the production of MeCN during this reaction.  
Due to the difficulties in separating the zinc-containing by-products from ClMo(N[t-Bu]Ar)3, the yield 
of ClMo(N[t-Bu]Ar)3 was not measured. In the 1H NMR, ClMo(N[t-Bu]Ar)3 is the major molybdenum-
containing product.  
Treatment of Me3SiO(4-MeOC6H4)CNMo(N[t-Bu]Ar)3] with SnCl2. Addition of 1 equiv of SnCl2 to 
Me3SiO(4-MeOC6H4)CNMo(N[t-Bu]Ar)3 in Et2O at 20 °C leads to the formation of ClMo(N[t-Bu]Ar)3 
and 4-methoxybenzonitrile. These two products may be separated: After removal of the solvent by a 
dynamic vacuum the reaction mixture was dissolved into n-pentane. The nitrile product was then 
extracted into acetonitrile. Thus, ClMo(N[t-Bu]Ar)3 may be isolated from the n-pentane layer, and 4-
methoxybenzonitrile from the acetonitrile layer (these two solvents are immiscible). 
Reduction of ClMo(N[t-Bu]Ar)3, 6, to Mo(N[t-Bu]Ar)3 , 1. To a 300 mL round bottom flask was added 
ClMo(N[t-Bu]Ar)3 (4.040 g, 6.126 mmol) and then 100 mL of THF. The resulting solution was bubble 
degassed with argon (8 psi for 2 min) before magnesium metal (3.675 g, 151 mmol, 25 equiv) was added 
to the flask, under an argon atmosphere. The solution was then degassed by evacuating the flask for 2 min 
with a dynamic vacuum, and the reaction was allowed to proceed under static vacuum. After the first few 
min of stirring, the initially dark orange solution became brown in color. After 90 min, the flask was 
backfilled with argon and the reaction mixture quickly filtered through celite. The celite bed was washed 
with n-hexane. The filtrate was dried under a dynamic vacuum, and the residuals were extracted with n-
pentane. These extracts were filtered through celite to remove any remaining magnesium salts. The 
filtrate was then concentrated to dryness under a dynamic vacuum to afford Mo(N[t-Bu]Ar)3 (3.521 g, 
5.64 mmol, 95%) and judged to be pure by 1H NMR spectroscopy.20 
Independent Synthesis of ClMo(N[t-Bu]Ar)3, 6. To a THF solution (30 mL) of Mo(N[t-Bu]Ar)3 (3.00 g, 
4.808 mmol) was added SnCl2 (930 mg, 4.895 mmol, 1.02 equiv) and the mixture was stirred vigorously. 
After 1 h a grey powder had precipitated from solution. After 2 h the solvent was stripped off under 
dynamic vacuum and residuals extracted into n-pentane and filtered through a celite pad. Storing the 
concentrated filtrate at –35 °C, ClMo(N[t-Bu]Ar)3 was obtained as an orange powder (2.32g, 3.518 mmol, 
73%; in 2 crops). ClMo(N[t-Bu]Ar)3 was identified by 1H NMR.21 
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Figure 16. Positive-ion ESI-MS for [MeOCH2NMo(N[t-Bu]Ar)3][OTf]. 
Synthesis of [MeOCH2NMo(N[t-Bu]Ar)3][OTf], 7-H[OTf]. At 20 °C, a solution of NMo(N[t-Bu]Ar)3 
(2 g, 3.13 mmol) in 30 mL CHCl3 was added to neat methoxymethyl chloride (252 mg, 3.13 mmol, 1 
equiv) to form a yellow homogenous solution. This solution was then added to neat (i-Pr)3SiOTf (959 mg, 
3.13 mmol, 1 equiv) to form a dark red solution. The solution was stirred for 30 min before the solvent 
was removed by a placing the flask under a dynamic vacuum. The resulting residue was dissolved in a 
minimum of CH2Cl2 (ca. 10 mL) before 100 mL of n-hexane was added. The solvent was removed from 
this mixture by application of a dynamic vacuum. Twice more 100 mL n-hexane was added and the 
solvent removed by application of a dynamic vacuum to afford a red powder. This powder was 
transferred onto a sintered-glass frit and washed with n-pentane (50 mL × 6) to removed (i-Pr)3SiCl. The 
yellow-orange powder that remained atop the frit was collected (2.283 g, 2.74 mmol, 87.5%). This 
material can be stored as a solid at 20 °C for several weeks without noticeable decomposition. 1H NMR 
(400 MHz, CDCl3, 20 °C): δ = 7.00 (s, 3 H, para-Ar), 6.09 (s, 3 H, CH2OCH3), 5.64 (br-s, 6 H, ortho-Ar), 
2.17 (s, 18 H, Ar–CH3), 1.26 (s, 27 H, C(CH3)3) ppm. 19F NMR (400 MHz, CDCl3, 20 °C): δ = –78 ppm. 
13C NMR (100 MHz, CDCl3, 20 °C): δ = 146.2, 138.8, 130.9, 128.2, 68.6, 77.4, 59.4, 32.0, 21.6 ppm. 
ESI-MS: m/z = 685.3775 (M+, 685.375). Anal. Calcd for C39H58F3MoN4O4S: C, 56.3; H, 7.02; N, 6.73. 
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Found: C, 55.9; H, 7.07; N, 6.4. Additional characterization data for 15N-derivative: 15N NMR (CDCl3, 50 
MHz, 20 °C): δ = 466 ppm. 
Formation of [MeOCH2NMo(N[t-Bu]Ar)3][I], 7-H[I]. At 20 °C, into 0.5 mL of CDCl3 was dissolved 
first methoxymethyl iodide (20 mg, 0.116 mmol, 1 equiv) and then NMo(N[t-Bu]Ar)3 (74 mg, 0.116 
mmol). Upon dissolving NMo(N[t-Bu]Ar)3 an orange solution immediately formed, in contrast to yellow 
color typical of solutions of the NMo(N[t-Bu]Ar)3. After 15 min, the sample was analyzed by 1H NMR 
spectroscopy: both starting materials had been completely consumed and the observed resonances 
matched those given for [MeOCH2NMo(N[t-Bu]Ar)3][OTf]. The product is formulated as 
[MeOCH2NMo(N[t-Bu]Ar)3][I], although difficulty in obtaining crystalline material inhibited full 
characterization of this material. Addition of LiHMDS to [MeOCH2NMo(N[t-Bu]Ar)3][I] in Et2O gave 
MeO(H)CNMo(N[t-Bu]Ar)3. 
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Figure 17. 1H NMR spectrum (400 MHz, C6D6, 20 °C) of MeOC(H)NMo(N[t-Bu]Ar)3 with an inset showing the 
2JNH for MeOC(H)15NMo(N[t-Bu]Ar)3.  
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Preparation of MeO(H)CNMo(N[t-Bu]Ar)3, 8-H. At 20 °C, to an orange solution of 
[MeOCH2NMo(N[t-Bu]Ar)3][OTf] (400 mg, 0.481 mmol) in Et2O was added a slurry of LiHMDS (80.5, 
0.481, 1 equiv) in 8 mL Et2O. Upon addition, the solution immediately became dark blue in color. The 
blue solution was stirred for 10 min before 20 mL of n-hexane was added to the solution and the solvent 
was removed under dynamic vacuum. The resulting residue was extracted into thawing n-pentane (3 × 20 
mL, –130 °C) and filtered through celite to remove an insoluble brown solid, presumably LiOTf. 
Removing the solvent from the filtrate under dynamic vacuum gave a sticky, blue solid (310 mg, 0.455 
mmol, 95%). This material is pure by 1H NMR, however decomposes when stored at 20 °C for greater 
than 5 h. For the purposes of elemental analysis the product was precipitated from a mixture of Et2O and 
MeCN by storing the solution at –35 °C for 14 d to obtain a blue solid. 1H NMR (400 MHz, C6D6, 20 °C): 
δ = 7.37 (s, 1 H, HCN), 6.36 (s, 9 H, para-Ar and ortho-Ar), 3.10 (s, 3 H, OCH3), 2.19 (s, 18 H, Ar–CH3), 
1.30 (s, 27 H, C(CH3)3) ppm. 13C NMR (C6D6, 100 MHz, 20 °C): δ = 175.9 (C=N), 153.3 (ipso-Ar), 
137.5, 137.1, 126.6, 63.5 (C(CH3)3), 53.2 (OCH3), 32.3 (C(CH3)3), 21.9 (Ar–CH3) ppm. UV-vis (Et2O, 20 
°C): λ (ε) = 359 (9000, shoulder), 501 (1900), 615 (2500) nm (M–1cm–1). Anal. Calcd for C38H58MoN4O: 
C, 66.84; H, 8.56; N, 8.21. Found: C, 66.78; H, 8.38; N, 8.47. Additional characterization data for 15N-
derivative: 15N NMR (C6D6, 50 MHz, 20 °C): δ = 382 ppm, JNH = 2.5 Hz.  
Conversion of MeO(H)CNMo(N[t-Bu]Ar)3, 8-H, to NCMo(N[t-Bu]Ar)3, 9. To a rapidly stirred 
solution of MeO(H)CNMo(N[t-Bu]Ar)3 (1.022 g, 1.5 mmol) in 80 mL Et2O at 20 °C was added 
Me2NSiMe3 (1.755g, 15 mmol, 10 equiv). The SnCl2 (285 mg, 1.5 mmol, 1 equiv) was added as a 
powder. The resulting reaction mixture was stirred for 30 min, over which time the initially blue solution 
took on a brown color. After that time, the reaction mixture was filtered through celite and the solvent 
was removed under a dynamic vacuum. Twice, 60 mL of n-hexane was added to the so obtained solids, 
and the solvent was again removed in vacuo. The remaining solids were dissolved in a minimum of Et2O, 
and this solution was stored at –35 °C for several days to afford NCMo(N[t-Bu]Ar)3 as a crystalline solid 
(527 mg, 0.8 mmol, 54%). This product was identified by its characteristic 1H NMR spectrum.37 No 
resonance was located in the 15N NMR spectrum, nor was a νNN found in the FT-IR or Raman spectra of 
15N-9.  
Conversion of MeO(H)C15NMo(N[t-Bu]Ar)3, 15N-8-H, to 15NCMo(N[t-Bu]Ar)3, 15N-9, in the 
presence of Me3SiCN. Freshly prepared MeO(H)C15NMo (295 mg, 0.2997 mmol) was dissolved in 50 
mL Et2O that contained Me2NSiMe3 (350 mg, 10 equiv) and Me3SiCN (30 mg, 0.303 mmol, 1 equiv) at 
20 °C. To this solution was added SnCl2 (56.5 mg, mmol, equiv). The mixture was stirred for 30 min, 
over which time it changed in color from blue to red-brown. An aliquot of the crude reaction mixture was 
removed and analyzed by FT-IR. The spectrum showed a single band at 2195 cm–1 which was confirmed 
to be Me3SiCN by comparison with an Et2O solution of the pure material. Moreover, in the crude reaction 
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mixture no bands were located that were consistent with the formation of Me3SiC15N during the course of 
the reaction.  
The procedure described above was repeated on a 0.120 mmol scale, in the absence of added 
Me3SiCN. Under these conditions the band attributed to Me3SiCN at 2195 cm–1 was not observed in the 
FR-IR of the crude reaction mixture while all other bands were present in the spectrum. 
UV-vis monitoring of the reaction MeO(H)CNMo(N[t-Bu]Ar)3, 8-H → NCMo(N[t-Bu]Ar)3, 9. An 
Et2O solution that was 0.3 mM in H(MeO)CNMo(N[t-Bu]Ar)3 and 3 mM in Me3SiNMe2 was prepared, 
and ca. 3.5 mL of this solution was transferred into a cuvette containing a magnetic stirbar. To this 
mixture was added a single flake (5 mg, 0.026 mmol, 25 equiv) of SnCl2. The cuvette was sealed placed 
in the diode-array UV-vis spectrometer equipped with a Peltier temperature-control. The cuvette was 
maintained at 20 °C while the mixture was magnetically stirred at a rate of 1000 rpm. The single flake of 
SnCl2 did not dissolve during the course of the reaction. The reaction mixture was monitored by taking a 
UV-vis spectrum in 30 s intervals for 30 min after which time the reaction was judged to be complete. For 
clarity, spectra were plotted in 5 min intervals for Figure 7 of this chapter.  
Small Scale Reaction of ClMo(N[t-Bu]Ar)3, 6, with Me3SiCN. To ClMo(N[t-Bu]Ar)3 (50 mg, 0.078 
mmol) was added 5 mL of a 20 mM Et2O stock solution of Me3SiCN (0.10 mmol, 1.3 equiv). The 
reaction mixture was stirred for 1 h before the solvent was removed by a dynamic vacuum. The remaining 
solids were dissolved in C6D6. A 1H NMR of the crude reaction mixture showed the presence of both 
ClMo(N[t-Bu]Ar)3 and NCMo(N[t-Bu]Ar)3. Approximately 33% of the ClMo(N[t-Bu]Ar)3 starting 
material had been converted to NCMo(N[t-Bu]Ar)3, as estimated by integration of the t-Bu resonances at 
24 ppm for ClMo(N[t-Bu]Ar)3 and 31 ppm for NCMo(N[t-Bu]Ar)3 in the 1H NMR spectrum. 
Preparation of NCMo(N[t-Bu]Ar)3, 9, by treatment of ClMo(N[t-Bu]Ar)3, 6, with Me3SiCN. A 
solution of ClMo(N[t-Bu]Ar)3 (1.585 g, 2.404 mmol) in 20 mL Et2O was added to neat Me3SiCN (290 
mg, 2.93 mmol, 1.2 equiv) at 20 °C. The mixture was stirred for 15 h after which time the solvent was 
removed by application of a dynamic vacuum. To the dried solids was added 30 mL of n-hexane which 
was immediately removed under dynamic vacuum. The remaining solids were extracted into a minimum 
of n-pentane and filtered through celite. This filtrate was concentrated to 15 mL to precipitate solids from 
solution. The resulting mixture was stored at –35 °C for 2 d to precipitate the product which was collected 
in a single crop (1.51 g, 2.32 mmol, 96.6%). 
Synthesis [MeO(Me)CHNMo(N[t-Bu]Ar)3][OTf], 7-Me[OTf]. To a mixture of NMo(N[t-Bu]Ar)3 (1.5 
g, 2.35 mmol) and MeO(Me)CHCl (222 mg, 2.35 mmol, 1 equiv), prepared by the ZnBr2-catalyzed 
reaction of (MeO)2CHMe and t-BuC(O)Cl,41,61 in 80 mL CH2Cl2 was added a solution of (i-Pr)3SiOTf 
(720 mg, 2.35 mmol, 1 equiv; 10 mL CH2Cl2) at –96 °C. The resulting mixture was stirred for 30 min, 
while warming to 20 °C, before the solvent was removed by the application of a dynamic vacuum. To 
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remove higher boiling liquids, 40 mL of n-hexane was added to the dried solution, forming a suspension, 
and the solvents were again removed by application of a dynamic vacuum; furthermore, the flask was 
stored under a dynamic vacuum for 3 h at 20 °C. The yellow powder obtained by this treatment was 
washed with n-pentane (30 mL × 4) to afford the product (1.63 g, 1.93 mmol, 82%). 1H NMR (500 MHz, 
CDCl3, 20 °C): δ = 6.99 (s, 3 H, para-Ar), 6.03 (q, 1 H, HC(Me)OMe), (br-s, 6 H, ortho-Ar), 3.67 (s, 3 H, 
OCH3), 2.16 (s, 18 H, Ar–CH3), 1.99(d, 3 H, CH3), 1.24 (s, 27 H, C(CH3)3). 19F NMR (400 MHz, CDCl3, 
20 °C): δ = –78 ppm. For the 15N derivative, 15N NMR (50 MHz, CDCl3, 20 °C): δ = 478 ppm. 
Preparation of [MeO(Ph)CHNMo(N[t-Bu]Ar)3][OTf], 7-Ph[OTf]. To NMo(N[t-Bu]Ar)3 (750 mg, 
1.17 mmol) was added a 1:1 mixture of PhCCl(H)OMe and t-BuCOOMe (350 mg total or 200 mg 
Ph(Cl)HOMe, 1.27 mmol, 1.08 equiv) in 15 mL of CH2Cl2. The resulting solution was cooled to –96 °C 
before a cold solution of (i-Pr)3SiOTf (360 mg, 1.17 mmol, 1 equiv) in 10 mL CH2Cl2 was added 
dropwise over 5 min. The resulting mixture was allowed to stir for 30 min before the solvent was 
removed by application of a dynamic vacuum. To the resulting residue was then added with 40 mL of n-
hexane and the solvent removed by a dynamic vacuum for 3h. The resulting bright yellow powder was 
washed with n-pentane (30 mL × 4) and Et2O (15 mL × 3) to afford the product (1.001 g, 1.10 mmol, 
93.8%). 1H NMR (500 MHz, CDCl3, 20 °C): δ = 7.75 (d, 2 H, meta-Ph), 7.54 (t, 2 H, ortho-Ph), 7.48 (d, 1 
H, para-Ph), 6.95 (s, 3 H, para-Ar), 6.71 (s, 1 H, HC(Ph)OMe), (br-s, 6 H, ortho-Ar), 3.50 (s, 3 H, 
OCH3), 2.13 (s, 18 H, Ar–CH3), 1.14 (s, 27 H, C(CH3)) ppm. 13C NMR (100 MHz, CDCl3, 20 °C): δ = 
147.1, 138.6, 135.1, 131.0, 130.6, 129.5, 128.9, 127.6, 107.9, 68.8 (C(CH3)3), 56.9 (OCH3), 31.8 
(C(CH3)3), 21.4 (Ar–CH3) ppm. 19F NMR (400 MHz, CDCl3, 20 °C): δ = –78 ppm. Anal. Calcd for 
C45H63F3MoN4O4S: C, 59.30; H, 6.92; N, 6.15. Found: C, 59.02; H, 6.79; N, 6.09. For the 15N derivative, 
15N NMR (CDCl3, 50 MHz, 20 °C): δ = 470 ppm.  
Preparation of MeO(Ph)CNMo(N[t-Bu]Ar)3, 8-Ph. To a frozen CH2Cl2 solution of 
[MeO(Ph)CHNMo(N[t-Bu]Ar)3][OTf] (1.505 g, 1.66 mmol; 100 mL CH2Cl2) was added a freshly thawed 
CH2Cl2 solution of H2CPMe3 (150 mg, 1.66 mmol, 1.0 equiv; 10 mL). Upon this addition, the initially red 
solution acquired a dark green color. The mixture was stirred for 30 min prior to filtration through celite 
to remove [Me4P][OTf]. The solvent was then removed from the filtrate by the application of a dynamic 
vacuum. The resulting green solids were extracted into 80 mL of n-pentane and cooled to –130 °C. The 
cold solution was then filtered through celite. Removal of solvent from the filtrate afforded 
Ph(MeO)CNMo(N[t-Bu]Ar)3 (1.256 g, 1.65 mmol, 99.7%). In some preparations, this product may 
contains up to 10% NMo(N[t-Bu]Ar)3, as assessed by 1H NMR spectroscopy, which may be removed by 
recrystallization from n-pentane at –35 °C. X-ray quality crystals were grown from a mixture of n-
pentane and Et2O at –35 °C.1H NMR (500 MHz, C6D6, 20 °C): δ = 7.18 (d, 2 H, meta-Ph), 6.84 (s, 6 H, 
ortho-Ar), 6.73 (t, 1 H, para-Ph), 6.65 (s, 3 H, para-Ar), 6.52 (d, 2 H, ortho-Ph), 3.77 (s, 3 H, OCH3), 
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2.19 (s, 18 H, Ar–CH3), 1.31 (s, 27 H, C(CH3)) ppm.13C NMR (C6D6, 100 MHz, 20 °C): δ = 193.7 (C=N), 
152.1 (ipso-Ar), 137.6 , 128.0, 127.4, 127.3, 126.0, 124.6, 120.9. 61.5, 61.6, 31.5 (C(CH3)3), 21.8 (Ar–
CH3) ppm. Anal. Calcd for C, 69.44; H, 8.22; N, 7.37. Found: C, 69.31; H, 7.96; N, 7.37. UV-vis (Et2O, 
20 °C): λ (ε) = 251 (28400 sh), 308 (16900), 421 (10300), 607 (7000) nm (M–1cm–1). 
Preparation of MeO(Me)CNMo(N[t-Bu]Ar)3, 8-Me. To a solution of [MeO(Me)CHNMo(N[t-
Bu]Ar)3][OTf] (850 mg, 100.5 mmol) in 20 mL CH2Cl2 was added a solution of H2CPMe3 (91 mg, 101.1 
mmol, 1 equiv) dropwise at –96 °C. Upon addition of this colorless solution to the initially orange-red 
solution the mixture took on a vibrant blue color. After the addition was complete, 25 mL of n-pentane 
was added to the reaction mixture to ensure that all the [Me4P][OTf] had precipitated. The reaction 
mixture was filtered through celite to remove this salt by-product, and the filtrate was dried under a 
dynamic vacuum to afford a pure material (582 mg, 83.8 mmol, 83%). 1H NMR (400 MHz, C6D6, 20 °C): 
δ = 6.82 (s, 6 H, ortho-Ar), 6.65 (s, 3 H, para-Ar), 3.00 (s, 3 H, OCH3), 2.85 (s, 3 H, CH3), 2.20 (s, 18 H, 
Ar–CH3), 1.28 (s, 27 H, C(CH3)) ppm. 13C NMR (C6D6, 100 MHz, 20 °C): δ = 186.9 (C=N), 154.5 (ipso-
Ar), 137.3 (overlapping aryls), 126.3, 116.3, 63.5 (C(CH3)3), 53.6 (OCH3), 33.6 (C(CH3)3), 21.8 (Ar–
CH3) ppm. For the 15N derivative, 15N NMR (CDCl3, 50 MHz, 20 °C): δ = 386 ppm. 
Reaction of MeO(Ph)CNMo(N[t-Bu]Ar)3, 8-Ph, with SnCl2. 
Yield of PhCN. To an NMR tube was added MeO(Ph)CNMo(N[t-Bu]Ar)3 (53.5 mg, 0.0705 mmol) and 
1,4-dimethoxybenzene (ca. 8 mg, 0.058 mmol) and completely dissolved in d8-THF (1.25 mL). The 
relative concentration of MeO(Ph)CNMo(N[t-Bu]Ar)3 and 1,4-dimethoxybenzene were measured by 1H 
NMR. Then the solution was removed from the NMR tube and added to a vial containing SnCl2 (8 mg, 
0.042 mmol, 0.6 equiv). This mixture was magnetically stirred for 1 h, over which time the initially green 
solution took on the orange color of ClMo(N[t-Bu]Ar)3. The solution was transferred into a new NMR 
tube and the relative concentration of PhCN and 1,4-dimethoxybenzene were measured by 1H NMR. 
Using 1,4-dimethoxybenzene as an internal standard, the yield of PhCN found to be 99.9%. 1H NMR 
measurements were made on a Varian INOVA 500 MHz, inverse probe spectrometer. In a separate 
experiment, the production of PhCN was confirmed by 15N NMR, where the only resonance observed in 
the spectral window of 0-1000 ppm was PhC15N. 
Yield of ClMo(N[t-Bu]Ar)3. To a green solution of MeO(Ph)CNMo(N[t-Bu]Ar)3 (300 mg, 0.395 
mmol) in 100 mL of Et2O at 20 °C was added SnCl2 (55 mg, 0.289 mmol, 0.73 equiv). The resulting 
mixture was stirred for 1 h, over which time it turned orange in color. After this time, the solution was 
filtered through celite and dried under a dynamic vacuum to obtain an orange solid. This solid was 
extracted into 125 mL of n-pentane and filtered through celite. The solvent was removed from the orange 
filtrated by the application of a dynamic vacuum. The remaining bright orange solids were collected (237 
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mg, 0.359 mmol, 90.8%). This material was identified as ClMo(N[t-Bu]Ar)3 by the characteristic 1H 
NMR chemical shifts of this species.21 
Quantification of PhCN formation by treatment of MeO(Ph)CNMo(N[t-Bu]Ar)3, 8-Ph, with ZnCl2. 
To an NMR tube was added MeO(Ph)CNMo(N[t-Bu]Ar)3 (56 mg, 0.0738 mmol) and 1,4-
dimethoxybenzene (ca. 8.8 mg, 0.064 mmol) and completely dissolved in d8-THF (1.25 mL). The relative 
concentration of MeO(Ph)CNMo(N[t-Bu]Ar)3 and 1,4-dimethoxybenzene were measured by 1H NMR 
spectoscopy. Then the solution was removed from the NMR tube and added to a vial containing ZnCl2 
(11 mg, 0.081 mmol, 1.1 equiv). This mixture was magnetically stirred for 5 h, over which time the 
initially green solution took on the orange color of ClMo(N[t-Bu]Ar)3. The solution was transferred into a 
new NMR tube and the relative concentration of PhCN and 1,4-dimethoxybenzene were measured by 1H 
NMR. Using 1,4-dimethoxybenzene as an internal standard, the yield of PhCN found to be 51%. 
Resonances due to unknown by-products were observed in the region of the 1H NMR spectrum associated 
with aromatic protons. 1H NMR measurements were made on a Varian INOVA 500 MHz, inverse probe 
spectrometer.  
Reaction of SnX2 and ZnX2 (X = F, Br, I) with MeO(Ph)CNMo(N[t-Bu]Ar)3, 8-Ph. To 
MeO(Ph)CNMo(N[t-Bu]Ar)3 (50 mg, 0.055mmol) was added 1 equiv of SnX2 or ZnX2 in 5 mL Et2O and 
the mixture stirred until the initially green solution acquired an orange color, indicating conversion of 
MeO(Ph)CNMo(N[t-Bu]Ar)3 to the corresponding metal halide. This protocol typically led to reaction 
times of 1 h for tin salts and 3–6 h for Zn salts. If no color change was observed, the reaction was allowed 
to stir for 24 h. Once the reaction time elapsed, the solvent was removed by application of a dynamic 
vacuum and the resulting solids were analyzed by 1H NMR spectroscopy to confirm the products of the 
reaction, or lack of reaction. Conversion to PhCN and ClMo(N[t-Bu]Ar)3 was found for the series MX2 
where M = Sn, Zn and X = Cl , Br, I; however, the use of SnF2 and ZnF2 resulted in no reaction. 
Computational Details. All density functional theory (DFT) calculations were carried out using the 
Amsterdam Density Functional (ADF) program package, versions 2004.01, 2007.01, and 2008.01.63-67 
The local exchange-correlation potential of Vosko et al.68 (VWN) was augmented self-consistently with 
gradient-corrected functionals for electron exchange according to Becke69 and for electron correlation 
according to Perdew.70,71 This nonlocal density functional is termed BP86 in the literature and has been 
shown to give excellent results for both the geometries and energetics of transition-metal systems.72 
Relativistic effects were included using the zero-order regular approximation (ZORA).73,74 The basis set 
used was the all-electron ADF ZORA/TZ2P (triple ζ with two polarization functions) basis. 
Crystallographically determined atomic coordinates were used as input for all geometry optimizations. A 
numeric frequency calculation performed on the optimized structure of Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 
5-Ph, found no imaginary frequencies, indicating that this model is local minima on the potential energy 
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surface. TDDFT calculations for MeO(Ph)CNMo(N[t-Bu]Ar)3, 8-Ph, were performed on a theoretically 
optimized geometry.  
 
2.393 eV
HOMO
LUMO
LUMO+1
HOMO-1
1.474 eV
0.732 eV
 
Figure 18. Calculated frontier orbitals for Me3SiO(Ph)CNMo(NH2)3 are shown. 
 
Table 6. Calculated electronic transitions for Me3SiO(Ph)CNMo(NH2)3. 
Transition 
Number Energy in eV ( f ) Molecular Orbital Contributions 
1 1.729 (0.390 × 10–3) HOMO → LUMO, 99.14% 
2 2.311 (0.132) 
HOMO → LUMO+1, 87.09% 
HOMO → LUMO+2, 4.96% 
HOMO → LUMO+4, 3.98% 
3 2.502 (0.137 × 10–1) HOMO → LUMO+3, 55.29%  HOMO → LUMO+2, 39.06% 
4 2.545 (0.235 × 10–1) HOMO → LUMO+2, 53.25% HOMO → LUMO+3, 43.30% 
5 2.771 (0.197 × 10–3) HOMO → LUMO+5, 99.29% 
6 2.953 (0.959 × 10–1) HOMO → LUMO+4, 89.51% HOMO → LUMO+1, 4.33% 
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Table 7. Calculated electronic transitions for MeO(Ph)CNMo(N[t-Bu]Ar)3. 
Transition 
Number Energy in eV ( f ) Molecular Orbital Contributions 
1 1.600 (0.101 × 10–1) HOMO → LUMO, 94.48% HOMO → LUMO+1, 4.70% 
2 1.896 (0.834 × 10–1) 
HOMO → LUMO+1, 82.13% 
HOMO → LUMO+2, 12.03% 
HOMO → LUMO, 3.21% 
3 2.301 (0.889 × 10–2) HOMO → LUMO+3, 99.12%  
4 2.319 (0.268 × 10–1) 
HOMO → LUMO+2, 76.42% 
HOMO → LUMO+4, 13.08% 
HOMO → LUMO+1, 7.27% 
5 2.647 (0.337 × 10–1) HOMO → LUMO+4, 64.74% HOMO → LUMO+5, 20.77% 
 
 
 
 
 
 
Crystallographic Structure Determination. Crystals were mounted on a glass fiber in oil. Low-
temperature data were collected on a Siemens Platform three-circle diffractometer coupled to a Bruker-
AXS Smart Apex CCD detector with graphite-monochromated Mo Kα radiation (λ = 0.71073 Ǻ), 
performing phi-scans and omega-scans. All structures were solved by direct methods using SHELXS75 
and refined against F2 on all data by full-matrix least squares with SHELXL.76 All non-hydrogen atoms 
were refined anisotropically. Details concerning the refinement of 8-Ph with XD will appear in an 
upcoming publication.77 MIT Reciprocal Net identification codes for the structures in this chapter are as 
follows: 4-t-Bu[OTf], 06061; 5-t-Bu, 06073; 5-Ph, 05148; 7-H[OTf], 09039; 8-Me, 08206; 8- Ph, 08227. 
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Chapter Four 
Synthesis and Reversible Reductive Coupling of 
Cationic, Dinitrogen-Derived Diazoalkane Complexes 
 
     
A series of cationic diazoalkane complexes [4-RC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-R][AlCl4] 
(R = NMe2, Me, H, Br, CN, Ar = 3,5-C6H3Me2) have been prepared by treatment of the 
N2-derived diazenido complex Me3SiNNMo(N[t-Bu]Ar)3 with 4-RC6H4CHO and 2 equiv AlCl3. 
The molecular structures of [10-H][AlCl4] and [10-NMe2][AlCl4] were determined by X-ray 
crystallography. The C–N and N–N stretching modes were identified by a combined IR and 
Raman spectroscopy study, and other physical properties are discussed in detail. The 
electrochemical reduction potential for [10-R][AlCl4] was shown to be linear with the Hammett σ 
parameter. This reduction process forms the C–C bonded dimer, μ-(4-RC6H4C(H)NN)2[Mo(N[t-
Bu]Ar)3]2, [10-R]2, that was characterized by X-ray crystallography for R = H. Possible 
mechanisms for the formation of this dimer are presented. Both electrochemical investigations 
and quantum chemical calculations are used to describe the odd-electron complex 4-
RC6H4C(H)NNMo(N[t-Bu]Ar)3, 10-R, that is an intermediate in formation of [10-R]2. The C–C 
bond in [10-R]2 is redox non-innocent and is broken upon oxidation. This reaction was used to 
prepare [10-H][A] (A = PF6–, OTf–), and possible uses of this property in charge-storage devices 
are discussed.    
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Introduction 
Diazoalkanes constitute a class of molecules that have a rich history in organic synthesis1,2 and 
coordination chemistry.3-5 These molecules participate in 1,3-dipolar additions to form pyrazolines,6-10 and 
serve as carbene synthons. The first isolated transition-metal diazoalkane complexes were side-bound to 
Ni.11 Recently, analogous side-bound diazoalkane complexes have been used as precursors to stable late-
metal carbene complexes.12-14 These species are stable models of intermediates proposed in the transition-
metal catalyzed cyclopropantion of olefins by diazoalkanes.15-17 In transition-metal chemistry, 
diazoalkane complexes are most often prepared by two routes: treatment of a metal fragment with an 
organic diazoalkane or synthesis of the diazoalkane ligand from coordinated N2.  
Hillhouse showed that treatment of tungsten carbonyls with free diazoalkanes resulted in the formation 
of the corresponding diazoalkane complex with loss of CO (Scheme 1).18 In these complexes, the 
diazoalkane ligand may be considered a 4e– donor. Complexes such as [Me2CNNW(diphos)2Br][Br] have 
been prepared by photolysis of Me2CBr2 in the presence of (N2)2W(diphos)2 (diphos = chelating 
diphosphine).19 A more rational synthesis of complexes of this type was later developed, wherein the 
coordinated N2 is protonated by the addition of 2 equiv of Brønsted acid to form the cationic 
[H2NNM(diphos)2F]+ (M = Mo, W; Scheme 2).20-24 Treatment of this cation with ketones or aldehydes 
results in a condensation reaction to afford an N2-derived diazoalkane ligand. 
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In view of the knowledge that diazoalkane complexes may be made by the addition of a diazoalkane to 
a transition metal complex, one might expect that Ph2CN2 would add to Mo(N[t-Bu]Ar)3, 1 , to form a 
diazoalkane complex, in an analogy to the odd-electron compound PhCNMo(N[t-Bu]Ar)3  
(Ar = 3,5-C6H3Me2).25-27 However, we found that Ph2CN2 and 1 engage in reactivity reminiscent of that 
known for MesN3 and N2O, forming N≡Mo(N[t-Bu]Ar)3, 3.28,29 As a result, odd-electron diazoalkane 
complexes cannot be prepared by simple coordination of a free diazoalkane to 1. This finding motivated a 
need to develop alternative routes for the synthesis of the complexed diazoalkane functional group in 
order to prepare complexes of the formula 4-RC6H4C(H)NNMo(N[t-Bu]Ar)3, 10-R  
(R = NMe2, Me, H, Br, CN).  
We thought that the terminal nitrogen of the N2-derived diazenido compound,  
Me3SiNNMo(N[t-Bu]Ar)330 would be sufficiently nucleophilic to participate in reactions that form N–C 
bonds, and therefore, protocols were developed to convert this diazenido fragment into a coordinated 
diazoalkane. This resulted in the synthesis of a series of redox active diazoalkane complexes,  
[4-RC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-R][AlCl4]. Reduction of each complex, [10-R][AlCl4], by 
1e– afforded the corresponding C–C bond coupled dimer μ-(4-RC6H4C(H)NN)2[Mo(N[t-Bu]Ar)3]2,  
[10-R]2 in a reaction that was initially discovered by Tetsuro Murahshi. This C–C bond forming reaction 
suggests the intermediacy of the elusive, neutral diazoalkane complex, 10-R. This electrodimerization 
reaction is described, and the structure of 10-R is discussed in the context of DFT calculations.  
Dinitrogen-Derived Diazoalkane Complexes 
Synthesis and Structure of Diazoalkane Complexes. Inspired by organic condensation reactions 
between aldehydes and amines,31 Tetsuro Murashi first explored treatment of Me3SiNNMo(N[t-Bu]Ar)3 
with aldehydes. Exposure of Me3SiNNMo(N[t-Bu]Ar)3 to 1 equiv of AlCl3 and PhCHO in Et2O resulted 
in the precipitation of the product diazoalkane complex, [PhC(H)NNMo(N[t-Bu]Ar)3][AlCl4],  
[10-H][AlCl4], from the reaction mixture as a red powder (Scheme 3). However, half of the starting 
diazenido complex was recovered from the reaction mixture when this procedure was followed. When 2 
equiv of AlCl3 were used, [10-H][AlCl4] was isolated from the reaction mixture in 90% yield by filtration. 
We presume that the soluble byproduct of this synthesis is [μ-(Me3SiO)AlCl2]2.32,33 The salt,  
[10-H][AlCl4], is stable with regard to N2 loss. In fact, [10-H][AlCl4] may be heated to 60 °C in CDCl3 
for several days without noticeable decomposition (as assayed by 1H NMR), and solids may be repeatedly 
melted at 192 °C. 
Employing N2 as the synthon for the diazoalkane ligand of [10-H][AlCl4] made it convenient to 
isotopically label the diazoalkane fragment via use of 15N2. The 15N NMR spectrum of 15N2-[10-H][AlCl4] 
depicts two doublets of doublets centered at 384 and 417 ppm (Figure 1). The deshielding of these 
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nitrogen nuclei has been attributed to low-energy nN → π* circulations.34 The observed 1JNN = 17 Hz 
coupling is consistent with literature data for metal diazenido compounds in which the metal-N-N angle is 
approximately linear.34 We assign the more downfield signal as the nitrogen bound to Mo based upon 
both proton coupling and comparison to related compounds such as Me3SiNNMo(N[t-Bu]Ar)3. The 
proton-coupled 15N NMR spectrum revealed N–H couplings of 3JNH = 6 Hz and 2JNH = 3 Hz consistent 
with the expectation that the magnitude of the 2JNH coupling through an sp2 hybridized atom will be 
smaller than that of the 3JNH coupling for a planar diazoalkane ligand.35 
Scheme 3.  
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Table 1. Yields for the synthesis of [10-R][AlCl4] and 
Hammett σ parameters for the R group.36  
R σ Yield (%) [10-R][AlCl4] 
 
Me2N –0.83 51  
Me –0.17 90  
H 0.00 90  
Br 0.23 97  
CN 0.66 72  
 
The synthesis of [10-H][AlCl4] requires both that an oxygen atom be removed from the aldehyde, 
breaking the C=O double bond, and that a C=N double bond be formed during the reaction. We found it 
interesting that such a transformation gave a diazoalkane-containing product in high yields. Moreover, the 
thermal stability of [10-H][AlCl4] contrasts with previous use of this diazoalkane, PhC(H)N2, to study 
carbene transfer reactions that occur via N2 loss.37,38 Therefore, we sought to expand the synthetic 
methodology in a way that would lend itself to rational comparison of the properties of these 
coordinateddiazoalkanes.37 For this purpose, we chose to vary the substituent in the 4-position of the 
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Figure 1. (above) An ORTEP drawing of single-crystal X-ray diffraction data obtained from [10-H][AlCl4] with 
50% probability ellipsoids. Hydrogen atoms having calculated atomic positions are omitted for clarity. Selected 
bond lengths and angles are given in the text. (below) 15N NMR (50 MHz, CDCl3, 20 °C) spectrum for  
15N2-[10-H][AlCl4] shows resonances at 417 and 384 ppm with couplings of 1JNN = 17, 2JNH = 3, and 3JNH = 6 Hz. 
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Figure 2. An ORTEP drawing of single-crystal X-ray diffraction data obtained from [10-NMe2][AlCl4] with 50% 
probability ellipsoids. Hydrogen atoms having calculated atomic positions are omitted for clarity. Selected bond 
lengths and angles are given in the text. 
diazoalkane aryl ring. This strategy allows us to draw upon linear free-energy relationships established 
within the field of physical organic chemistry as a guide for comparison.36,38,39 We found that, with only 
minor modificationsin the protocol, the synthesis of [10-H][AlCl4] could be successfully applied to the 
synthesis of four other diazoalkane complexes [4-RC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-R][AlCl4] 
(R = NMe2, 51%; Me, 90%; Br, 97%; CN, 72% isolated yield; Scheme 3, Table 1) by combination of the 
appropriate aldehyde, AlCl3, and Me3SiNNMo(N[t-Bu]Ar)3. Crystals of [10-H][AlCl4] suitable for X-ray 
diffraction were grown from THF/n-pentane at –35 °C. The X-ray crystal structure of [10-H][AlCl4] 
shows that the three anilide ligands are oriented in the same direction, imparting a pseudo-C3 symmetry to 
the Mo(N[t-Bu]Ar)3 moiety that is broken by the Cs symmetric diazoalkane ligand (Figure 1). The Mo–
N4 distance of 1.7326(18) Å suggests π bonding between Mo and the diazoalkane N. The N4–N5 
distance of 1.336(2) Å and N5–C4 distance of 1.290(3) Å are consistent with the description that the 
diazoalkane ligand is reduced by backbonding from Mo. Accordingly, the N–N distance is substantially 
longer than what one would expect for a free diazoalkane (cf. 1.13(4) Å for H2CN2).40,41 A slightly 
different set of internuclear distances were found in the single-crystal X-ray structure of  
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[10-NMe2][AlCl4]: Mo–N4, 1.730(2) Å; N4–N5, 1.317(3) Å; and N5–C4, 1.312(4) Å (Figure 2). The 
NMe2 group is coplanar with the aryl ring, maximizing the electron donation of this substituent into the π 
network of the diazoalkane. Presumably, this electronic perturbation is responsible for the small alteration 
in internuclear distances in [10-NMe2][AlCl4] compared to [10-H][AlCl4]. Both sets of metrics compare 
well with those obtained for other terminally bound, singly-bent diazoalkanes coordinated to Mo and 
W.22,42-46 Diazoalkane ligands are described as singly-bent when the C–N–N angle is approximately 120° 
and the metal–N–N angle is close to 180°,18 as is the case for the compounds reported here. The N4–N5–
C4 and Mo1–N4–N5 angles are 117.86(19)° and 174.21(16)° in [10-H][AlCl4] and 116.9(3)° and 
176.0(2)° in [10-NMe2][AlCl4]. 
Electronic and Vibrational Spectroscopy. Transition-metal–diazoalkane complexes have characteristic 
stretching modes that are suitable for study by vibrational spectroscopy.3,18 To gain information about the 
vibrational structure of the coordinated diazoalkane ligand, infrared and Raman spectroscopy data were 
collected for complexes [10-R][AlCl4] (R = NMe2, Me, H, Br, CN). Due to the low symmetry of the five 
cations (approximately Cs), most vibrational modes of the diazoalkane ligand give rise to bands in both 
the Raman and IR spectra. The Raman spectrum of [10-H][AlCl4] contains five intense bands that are 
attributed to vibrational modes of the PhC(H)N2 ligand located at 1528, 1446, 1366, 1193, and 1173 cm–1 
(Table 2 and Figure 3). The band located at 1528 cm–1 in both the IR and Raman spectra is in the spectral 
region for which the predominantly C=N stretching mode of the η1-diazoalkane ligand is expected.3,18 
This assignment was supported by a 15N2-labeling experiment in which the corresponding band for  
15N2-[10-H][AlCl4] was found at 1520 cm–1. The 8 cm–1 shift of the C=N stretching mode is smaller than 
would be predicted by a harmonic oscillator model (24 cm–1), indicating that this vibrational mode 
couples to others. Coupling of the C–N and N–N vibrational modes is observed for both coordinated and 
free diazoalkanes.47,48 Additionally, for aryl diazenido complexes, it has been demonstrated that the aryl 
C–H modes couple into the N–N oscillator.49,50  
Numeric frequency calculations carried out on the model complex [PhC(H)NNMo(NH2)3]+, [10-m]+, 
support the assignment of the band at 1528 cm–1 as a primarily C=N oscillator (Table 2). These 
computational results predicted a vibration 1459 cm–1 due to a C–H wagging motion of hydrogen atoms 
bound to the Ph group. Accordingly, a band for [10-H][AlCl4] was found at 1446 cm–1. Moreover, this 
band shifts just 2 cm–1 upon substitution of 15N2 for 14N2, consistent with the nature of the described 
vibrational mode.  
A band that is intense only in the Raman spectrum of [10-H][AlCl4] was located at 1366 cm–1. The 
Raman activity of this band suggested to us that it is largely composed of N–N stretching character that is 
expected to give rise to a smaller change in the dipole moment than the C=N stretching motion. 
 
144 Chapter Four
  
0
20
40
60
80
100
Tr
an
sm
it
ta
n
ce
 (%
)
1750 1550 1350 1150 950 750
R
am
an
 In
te
n
si
ty
 (%
)
Wavenumbers (cm-1)
0
20
40
60
80
 
Figure 3. (above) IR and Raman spectra of [10-H][AlCl4] (solid blue line) and 15N-[10-H][AlCl4] (dashed green 
line) in CDCl3 at 20 °C. (below) Observed vibrational energies of [10-H][AlCl4] and 15N-[10-H][AlCl4]. 
For [10-H][AlCl4]:  
FT-IR (KBr, CDCl3): 2977, 2933, 2866, 1601 (s), 1583 (s), 1528 (s), 1477, 1446 (s), 1392, 1364 (s), 1318, 
1302 (w), 1285, 1238 (w), 1173, 1147, 1043 (w) cm–1.  
Raman (λex = 785 nm, CDCl3): 1599, 1584, 1529 (s), 1447, 1366, 1193 (s), 1173 (s), 1166, 1146 (w), 999, 
944, 895 (w), 871 (w), 850 (w), 571 (w), 543 (w), 523 (w), 511 (w), 495 (w), 489 (w) cm–1. 
For 15N2-[10-H][AlCl4]:  
FT-IR (KBr, CDCl3): 2976, 2933, 2865, 1600 (s), 1584 (s), 1520 (s), 1477, 1456, 1444 (s), 1392, 1378, 
1363 (s), 1347, 1318, 1302 (w), 1285, 1260, 1229, 1166 (s), 1147, 1043 (w) cm–1. 
 Raman (λex = 785 nm, CDCl3): 1599, 1584, 1520 (s), 1445, 1346, 1165 (s), 1000, 946, 896 (w), 867 (w), 
852 (w), 569 (w), 545 (w), 521 (w), 513 (w), 500 (w), 485 (w) cm–1.  
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Table 2. Vibrational data for the diazoalkane ligand in cm–1. 
complex ν1 ν2 ν3 ν4 ν5 
 [10-NMe2][AlCl4] 1498 — b — b — b 1179 
 [10-Me][AlCl4] 1526 1411 1367 1197 1174 
 [10-H][AlCl4] 1528 1446 1366 1193 1173 
 15N2-[10-H][AlCl4] 1520 1444 1346 1164 1164 
 [10-Br][AlCl4] 1525 1400 1367 1192 1174 
 [10-CN][AlCl4] 1524 1410 1361 1193 1171 
a Data acquired in CDCl3. b Sample fluorescence prevented the acquisition of Raman data.  
When 15N2 is incorporated into the diazoalkane ligand, this band shifts to 1346 cm–1. The 20 cm–1 shift 
that occurs upon isotopic substitution is twice as large as the shift found for the predominantly C=N 
stretching mode, but is less than half the predicted value of 46 cm–1 for a harmonic N–N oscillator. 
Calculations carried out on [10-m]+ found a band at 1363 cm–1 that is described by a mixture of both the 
C=N and N–N stretching modes combined with a wagging of the hydrogen atom attached to the 
diazoalkane carbon. For this reason, the band at 1366 cm–1 is attributed to a highly coupled vibrational 
mode that contains both C=N and N–N stretching character.  
In the Raman spectrum of [10-H][AlCl4], the two bands at 1193 and 1173 cm–1 collapse into a single 
band located at 1164 cm–1 upon 15N substitution.51 We suggest that this is because the two signals overlap 
in the spectrum of the labeled compound. The band located at 1193 cm–1 is both sharp and intense in the 
Raman spectrum, consistent with an N–N stretching mode. Moreover, this band shifts by 29 cm–1 upon 
isotopic substitution compared with the 40 cm–1 shift predicted by a harmonic oscillator model, further 
supporting the notion that the origin of this band is a stretching mode of the N2 unit. DFT calculations 
support the description of this vibration as a predominately N–N stretching mode. For [10-m]+, a band of 
this type was found at 1148 cm–1, which is in close agreement with experimental data given the simplicity 
of the model system.  
Given the wealth of data available for the IR-active, C=N stretching mode of coordinated 
diazoalkanes, information for the N–N stretching mode remains sparse in comparison to information 
concerning the same stretch for free diazoalkanes.52 The N=N stretching mode of PhC(H)N2 is 2062 cm–1 
which is between the values for H2CN2, 2097 cm–1, and Ph2CN2, 2042 cm–1.48,53,54 The observed N–N 
stretch in [10-H][AlCl4] is consistent with a weakening of this bond in comparison to the free 
diazoalkane.  
All of the diazoalkane complexes studied have similar vibrational structure (Table 2). In view of the 
isotopic substitution results obtained for [10-H][AlCl4], the predominantly C=N and N–N stretching 
modes were located in the IR and Raman spectra for each of [10-R][AlCl4]. There is no obvious Hammett 
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Figure 4. (top) Normalized UV-vis spectra of [10-R][AlCl4] (R = Me, H, Br, CN) 20 °C and UV-vis spectrum of 
[10-NMe2][AlCl4] in CH2Cl2 at 20 °C. (center) Photograph showing ca. 5 mM CDCl3 solutions of compounds  
[10-R][AlCl4] ordered by the Hammett parameter. (bottom left) Fit of the visible-region absorption for  
[10-NMe2][AlCl4] (20 °C, CH2Cl2) to the sum of three Gaussian curves defined by the equation, ε(ν) (R2 = 
0.99946). (bottom right) Electronic absorption and emission spectra for [10-NMe2][AlCl4] in CHCl3 at 20 °C. The 
respective maxima occur at λabs = 541 nm and λem = 573 nm. Emission spectrum obtained by Emily McLaurin. 
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trend present in the vibrational data, which may reflect the coupling of the multiple vibrational modes. 
Vibrational modes that have weak intensity in the infrared spectrum were not located for  
[10-NMe2][AlCl4] because sample fluorescence interfered with the acquisition of Raman data.  
The compounds [10-R][AlCl4] (R = Me, H, Br, CN) are all dark red in color, but solutions of  
[10-NMe2][AlCl4] are a vibrant fuchsia color. This observation prompted us to compare the UV-vis 
spectral features of these five complexes. The UV-vis spectra for [10-R][AlCl4] (R = Me, H, Br, CN) all 
show an absorption near 450 nm and contain no intense absorption bands at lower energies (Figure 4). 
However, [10-NMe2][AlCl4] was found to possess an intense absorption with a maximum at 538 nm 
(Figure 4). The absorption band is assigned as a ligand-to-metal charge transfer band (LMCT). This 
assignment is in accord with both the formally d0 metal center and the observation that less electron-
donating R groups do not give rise to strong absorptions in the visible region. This absorption has a 
pronounced feature on the hypsochromic side of the band, indicating that the net absorption is the sum of 
overlapping spectral features. The absorption may be fit to the sum of three Gaussian distributions with 
spacing of approximately 1180 cm–1 (Figure 4). This value likely corresponds to the vibrational mode of 
the Mo–N bond in the excited state.55,56  
Irradiation of CHCl3 solutions of [10-NMe2][AlCl4] with visible light gave rise to an emission with a 
Stokes shift of 15600 cm–1 (λabs = 541 nm, λem = 573 nm; Figure 4). A number of workers have recently 
shown that the LMCT excited state may give rise to fluorescence in d0 complexes that contain metal-
ligand multiple bonds.57-59 Our case is distinct in that both absorption and emission of the LMCT excited 
state occur in the visible region; therefore UV irradiation is not required to observe emission from  
[10-NMe2][AlCl4]. Indeed, the NMe2 substituent is found in many efficient organic fluorophores that emit 
from a CT state.60 This is desirable for applications such as photooxidants that may be developed for use 
with a visible light source.59 
Redox Chemistry and Reductive Coupling 
Reductive Dimerization of Diazoalkane Ligands via C–C Bond Formation. Reduction of the 
diazoalkane salt, [10-H][AlCl4] by 1e– was anticipated to generate the odd-electron complex 
PhC(H)NNMo(N[t-Bu]Ar)3, 10-H. However, this species was found to be unstable with regard to 
spontaneous dimerization at carbon to form the dimeric, diazo complex,  
μ-(PhC(H)NN)2[Mo(N[t-Bu]Ar)3]2, [10-H]2 (Scheme 4). Addition of solid Cp2Co to [10-H][AlCl4] 
dissolved in CHCl3 leads to the rapid and quantitative formation of [10-H]2 with precipitation of 
[Cp2Co][AlCl4]. Filtration of the reaction mixture removes [Cp2Co][AlCl4], leaving only [10-H]2 in the 
filtrate, which is then collected in 97% yield. This was found to be the most convenient protocol for 
separating the products despite the observation that Cp2Co is unstable in CHCl3 for prolonged periods of 
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time; the formation of [10-H]2 is essentially complete upon mixing. Dimeric [10-H]2 has low solubility in 
solvents such as C6H6, Et2O, or n-alkanes but forms solutions readily in THF, MeCN, or halocarbons. 
Upon reduction of [10-H][AlCl4], the characteristic downfield shift at 8.92 ppm in the 1H NMR spectrum 
for the hydrogen atom bound to the diazoalkane carbon moves to 6.17 ppm. This indicates that the 
unsaturation at that carbon is removed upon reduction, consistent with dimer formation. Examining the 1H 
NMR spectrum, it intrigued us that only one set of resonances predominated; one would expect an 
unselective radical-radical coupling reaction to form a 1:1 mixture of meso and rac isomers with each 
isomer having a unique set of chemical shifts. To rationalize this observation, we concluded that the 
reductive dimerization of [10-H][AlCl4] is selective for the formation of either the meso or rac product 
mixtures.  
Scheme 4. 
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To identify the preferred stereochemistry of C–C bond formation, crystals suitable for X-ray 
diffraction were grown of [10-H]2. The molecule crystallizes on a C2 axis and is therefore assigned as the 
rac isomer (Figure 5). Anomalous scattering data confirmed that the crystallographic model with (R, R) 
stereochemistry corresponds to the enantiomer contained within the crystal.61-63 The preferential 
formation of the rac isomer is in qualitative agreement with a radical-radical coupling in which a 
transition state leading to the rac product is favored. This is the only transition state that accommodates 
C–C bond formation with C41–C4–C4’–C41’ and N5–C4–C4’–N5’ angles that approximate 180°, 
minimizing unfavorable steric interactions between the two reaction partners. Likewise, reduction of both 
[10-Br][AlCl4] or [10-CN][AlCl4] with Cp2Co in d8-THF leads to the formation of only one set of signals 
in the 1H NMR spectrum, which we presume to be the rac isomer as for [10-H]2. However, reduction of 
[10-Me][AlCl4] or [10-NMe2][AlCl4] gives a mixture of the meso and rac isomers as judged by 1H NMR 
spectroscopy.  
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Figure 5. (above) An ORTEP drawing of [10-H]2 shown with 50% probability ellipsoids. Hydrogen atoms having 
calculated positions have been omitted for clarity. (below) 15N NMR (50 MHz, CDCl3, 20 °C) spectrum for  
15N2-[10-H]2 shows 1JNN =17 Hz for resonances at 428 and 304 ppm. 
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Highly selective formation of the rac product for the dimerization of 10-R (R = H, Br, CN) is 
consistent with a number of mechanisms. If C–C bond formation were reversible, an equilibrium process 
involving [10-R]2 and 2 equiv of 10-R could drive the dimer to the more stable stereoisomer. However, 
large difference in Ep for [10-R]0/+ and [10-R]20/+ of approximately 900 mV (vide infra), this explanation 
appears unlikely. A related scenario is that formation of [10-R]2+ by combination of 10-R and [10-R]+ is 
rapid and reversible with respect to the second electron transfer. In such a mechanism, the stereochemical 
outcome of C–C bond formation might be explained by the relative stability of the two stereoisomers of 
[10-R]2+. An equally plausible possibility is that the two neutral radicals, 10-R, couple in such a way as to 
minimize steric repulsion that leads to a preferential formation of rac isomers. Electrochemical studies of 
the pinacol coupling involving 4-substituted acetophenones show a modest preference for the formation 
of the rac isomers in basic media.64 Although these results were attributed mainly to hydrogen bonding, 
similar electrodimerization of benzaldehyde did not discriminate between formation of rac or meso 
isomers.64,65 
With respect to [10-H][AlCl4], the C–C bond formation forces the cumulene system to reverse the 
long and short internuclear distances in [10-H]2 (Figure 5). This structural change occurs in conjunction 
with the conversion of molybdenum from the +6 to the +4 oxidation state in the reaction during the 
reductive coupling. The Mo–N distance in [10-H]2, 1.769(2) Å, is longer than that of [10-H][AlCl4]. 
Correspondingly, the N–N bond is contracted, 1.243(4) Å, and the C–N bond lengthened, 1.478(4) Å, 
compared to the cationic complex. The newly formed C–C linkage has an internuclear distance of 
1.553(6) Å, which is typical for such a C–C single bond. In the X-ray crystal structure of [10-H]2, the N–
N–C bond angle of 119.4(3)° is consistent with sp2 hybridization at nitrogen, as the Mo–N–N angle of 
167.2(2)° deviates from linearity. This angle is expected to be less than 180° in metal diazenido 
complexes.34 Hoffmann has described the bonding in this functional group (generically, M–N–N–H) and 
found a codependence of the metal–N–N and N–N–H angles.66 These calculations concluded that when 
the latter angle is 120°, the M–N–N angle is predicted to be 174°. 
Electrochemical dimerization of coordinated diazoalkanes has been reported for two systems that 
contain W, eqs. 1 and 2.67,68 In only one case was the product soluble enough for spectroscopic and 
structural characterization, eq. 1.68 In this case, reduction of [Me2CNNWCl(CO)(PMe2Ph)3]+ is 
accompanied by loss of a phosphine ligand; therefore, the reaction was carried out in the presence of CO 
to cleanly generate the C–C bonded product. Moreover, there is no possibility of forming diastereomeric 
products because the two faces of the diazoalkane ligand are identical. Reductive dimerization of d0 
diazoalkane complexes of W can also lead to the formation of a W–W bond with the terminal N-atom of 
the diazoalkane bridging the two W atoms, as opposed to C–C bond formation, eq. 3.69  
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2 [Me2CNNWCl(CO)(PMe2Ph)3][ZnCl3(THF)] + Mg + (xs) CO → 
μ-(Me2CN2)2[W(CO)2(PMe2Ph)2]2 (28%) + 2 PMe2Ph 
 
(1) 
2 [H2CNNW(dppe)2][BF4] + 2e– → μ-(H2CNN)2[W(dppe)2]2 
 (2) 
2 Ph2CNNW(calix[4]arene) + 2 Na → 
Na2[μ-(Ph2CNN)2[W(calix[4]arene)]2] 
 
(3) 
Reductive dimerization of [10-R][AlCl4] proceeds through the intermediacy of the odd-electron, 
diazoalkane complex 10-R, which is the initial product of 1e– reduction. Therefore, it seemed natural to 
interrogate this process by electrochemical methods. Of initial interest was a comparison of the energy 
required for reduction of the cation to the neutral radical. A graph of the redox potential versus the 
Hammett parameter shows a large change in redox potential as a function of the substitution on the 4-R 
group of the diazoalkane ligand (Figure 6). A fit to the Hammett plot gave a ρ = –283 mV for the series R 
= NMe2, Me, H, Br, CN. Therefore, complexes having a diazoalkane bearing an electron donating group 
in the 4-position of the aryl ring are characterized by a more negative reduction potential than those that 
contain an electron withdrawing group. A parallel trend has been described for the reduction potential of 
[4-RC6H4C(H)NNM(dppe)2F][BF4] (M = Mo, W),70 and is also observed for the corresponding aldehydes 
(Table 3). 
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Figure 6. Potentials (E1/2 vs. SCE) at which reduction of [10-R][AlCl4] occurs are plotted against the Hammett 
parameter for R. The fit shown has a ρ = –283 mV (R2 = 0.998).  
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Table 3. Hammett parameters and redox potentials.a 
 
R σ 
Reduction of 
[10-R][AlCl4]
(E1/2) 
Oxidation of 
[10-R]2 
(Ep) 
Reduction of  
4-RC6H4CHO 
(Ep) 
 
 Me2N –0.83 –757 547 –2173  
 MeO –0.268 –618 417 –2063  
 Me –0.17 –553 421 –1923  
 H 0.00 –511 437 –1853  
 Br 0.23 –463 489 –1703  
 CN 0.66 –330 549 –1363  
a Hammet σ parameters taken from reference 36. Redox potentials were 
measured in 0.2 M [N(n-Bu)4][PF6]/THF, and are shown in mV vs. SCE. 
In cyclic voltammetry, the ratio of cathodic-to-anodic peak currents reflects the concentration of the 
electroactive species generated during the forward scan and the amount remaining at the end of the 
potential sweep. Therefore, monitoring this ratio as a function of scan rate is a sensitive marker of how 
much electroactive species is in solution.71 The height of the cathodic wave that produces 10-H varies 
linearly with the square-root of scan rate—as expected for a 1e– reduction (Figure 7).71,72 However, the 
anodic current corresponding to oxidation of 10-H grows in more quickly than predicted by the scan rate 
variation. This behavior shows that in 1-mM solution 10-H is long-lived enough to be oxidized prior to 
dimerization at sufficiently fast scan rates. The low anodic peak current for slow scan rates indicates that 
depletion of 10-H in solution, via dimerization, is fast relative to the timescale of the electrochemical 
experiment. Consistent with a bimolecular dimerization reaction, cyclic voltammograms of [10-R][AlCl4] 
were concentration dependent. Increasing the concentration led to less reversible waves while decreasing 
the concentration gave more reversible behavior. In concentrated solutions, the oxidation of the 
electrochemically formed dimer [10-R]2 was evident at 440 mV (Figure 8).  
Solutions of [10-R][AlCl4] (R = Br, H, Me) at concentrations of 1 mM have nearly the same cathodic 
peak current, indicating that the diffusion behavior of the three compounds is similar. A variable scan rate 
experiment showed that the ratio of cathodic-to-anodic peak current is not equal for the series (Figure 9). 
Upon comparing the cyclic voltammograms of [10-H][AlCl4] and [10-Me][AlCl4] under the same 
conditions (1 mM solutions at a scan rate of 100 mV/s), the wave corresponding to [10-Me]+/0 appears 
more reversible than that for [10-H]+/0 because the ratio of cathodic-to-anodic peak currents is closer to 
unity. Assuming that the odd-electron diazoalkane complexes, 10-R, have similar diffusion behavior, we 
would conclude that this ratio should be the same for all three substituents. This result demonstrates that 
the dimerization process is not diffusion limited.73  
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Figure 7. Stack plot of cyclic voltammograms of 1 mM [10-H][AlCl4] in 0.2 M [N(n-Bu)4][PF6]/THF solution at  
20 °C.  
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Figure 8. Cyclic voltammogram of [10-H][AlCl4] shown at a concentration of 5 mM, sweep rate of 100 mV/s, and 
temperature of 20 °C in 0.2 M [N(n-Bu)4][PF6]/THF. 
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Figure 9. Plots of cathodic/anodic peak currents vs. log of the scan rate (mV/s) show that the dimerization is not 
diffusion limited. Fits to the data in the form ic/ia = a + blog(ν), where ν is the scan rate, are shown as follows: [10-
Br][AlCl4] (dashed line), a = 7.56(26), b = –1.69(10); [10-H][AlCl4] (solid line), a = 5.95(10), b = –1.46(4); [10-
Me][AlCl4] (dotted line), a = 3.67(6), b = –0.76(3). 
The dimerization reaction that forms [10-H]2 as a product by reduction of [10-H]+ has two limiting 
mechanisms (Scheme 5). Two equiv of the neutral, odd-electron compound 10-H may dimerize, forming 
a C–C bond. Alternatively, 10-H may react with [10-H]+ to form an intermediate complex [10-H]2+ that is 
subsequently reduced (either by addition of 1e– from an electrode or a disproportionation reaction). These 
two mechanisms may be discriminated by monitoring the changes in the cathodic peak potential as a 
function of scan rate. In the radical-radical coupling case, a slope of –19 is expected for such a plot while 
a slope of –29 is expected for a radical-cation coupling.71,74 Our attempts to make this distinction were not 
reliable, presumably due to the high resistance of anhydrous media. Except directly below the electrode, 
the concentration of [10-H]+ is always expected to be higher than the concentration of 10-H, raising the 
question as to whether chemical reduction of these cations would necessarily follow the same mechanism 
that predominates under electrochemical conditions. We favor the notion that this dimerization proceeds 
by radical-radical coupling, by analogy with the well-studied radical-radical dimerization of the persistent 
radical, PhCNMo(N[t-Bu]Ar)3,25-27,75 but do not rule out a mechanism in which [10-R]2 is formed by a 
radical-cation dimerization followed by fast electron transfer.  
Savéant has described the electrodimerization of aromatic aldehydes in great detail.71,76-80 The 
mechanism of dimerization has been shown to be a radical-radical coupling of two pinacolate radical 
anions generated at the electrode. The reaction proceeds at rates much slower than the diffusion limit, and 
specific solvation by water has a large effect on the measured rate of this reaction.80 The activation barrier 
to this reaction has been attributed to entropy requirements in the C–C bond forming step.71,77,78 A 
reduced spin density on the carbon atom brought about by delocalization of the unpaired electron onto the 
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aromatic group both stabilizes the intermediate and raises the entropic requirement for C–C bond 
formation. Therefore, increasing the amount of radical character at the carbon participating in C–C bond 
formation generally increases the rate of dimerization.  
The transient radical intermediate, 10-H, is unstable with respect to dimerization to form a C–C bond 
in the product [10-H]2. Dimerization at carbon suggested to us that the unpaired electron resides partially 
on the diazoalkane carbon atom. To investigate the electronic structure of the transient radical 
intermediate, DFT calculations were performed on the model complex PhC(H)NNMo(NH2)3, 10-m. For 
the starting geometry, the half-molecule that occupies the asymmetric unit in the crystal structure of  
[10-H]2 was used and the anilide ligands were replaced with NH2 donors. During the geometry 
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optimization, the initially pyramidal diazoalkane carbon atom became planar as expected for an sp2 
hybridization at carbon. In 10-m, the SOMO is destabilized by approximately 1.5 eV with respect to the 
SOMO–1 (Figure 10).  
Approximately 15% of the SOMO resides on the diazoalkane carbon atom and 43% on Mo (Figure 
10). Experimental evidence for the delocalization of unpaired spin density onto diazoalkane ligands has 
been provided by study of the reduction of [4-RC6H4C(H)NNMo(dppe)2F][BF4] in an EPR probe.70 An 
EPR resonance centered at g = 2.01 was split into a quintet by a hyperfine interaction of 2.6 mT from 14N 
nuclei. Delocalization of the SOMO of 10-m onto the aryl ring suggests that a para substituent could 
influence the stability of the SOMO and the relative spin densities for atoms along the diazoalkane 
fragment. This provides a model for the variation in the reduction potential and lifetime of 10-R with 
variation of the substituent.  
Electrochemical oxidation of the dimers [10-R]2 gives a broad anodic wave in the cyclic 
voltammogram with a peak current approximately twice the magnitude of the wave corresponding to the 
cathodic [10-R]+/0 couple (Figure 11). Therefore, the oxidation of [10-R]2 was assigned as a 2e– wave that 
occurs as a result of two consecutive 1e– oxidation events.71 Behavior of this kind is expected for an 
electrochemical oxidation in which the second electron is removed more easily than the first.81 Consistent 
with this reasoning is the difference between the oxidation potential of [10-R]2 and that of the neutral 10-
R, as the potential of the latter lies approximately 1 V negative of the former. A frequently invoked 
 
-3
-2
-1
0
1
2
α β
Re
la
tiv
e 
En
er
gy
 (e
V
)
 
Figure 10. (left) Relative energies of the calculated frontier orbitals for 10-m. (right) Two views of the SOMO for 
10-m shown at an isosurface value of 0.05. 
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Figure 11. Cyclic voltammogram of [10-H]2 in 0.2 M [N(n-Bu)4][PF6] THF solution acquired at 250 mV/s  
and 20 °C.  
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Figure 12. Potentials (Ep vs. SCE) at which oxidative cleavage of [10-R]2 occur are plotted against the Hammett 
parameters for R. The fit to four data points has a ρ = –160 mV (R2 = 0.994). Data for [10-NMe2]2 were not fit to the 
line.  
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mechanism for reactions of this type is the ECE reaction, wherein oxidation of the dimer, [10-H]2, leads 
to formation of both [10-H]+ and 10-H at a potential at which the neutral compound undergoes rapid 
oxidation to form a second equiv of [10-H]+.74,81  
Interested in the electronic effects of the para substituent, we investigated oxidative cleavage for  
[10-R]2. One would expect that the electronic influence of the substituent to be less dramatic in the case 
of dimer oxidative cleavage than was observed for reductive coupling of [10-R]+ because of the absence 
of a conjugated π network enabling communication between the aromatic ring and molybdenum. The 
potential (Ep+/0) for oxidative cleavage of [10-R]2 was measured by differential scanning voltammetry and 
fit to a Hammett plot with a ρ = –160 mV for four points (R = Me, H, Br, CN; Figure 12). The potential 
for oxidation of [10-NMe2]2 was nearly that of [10-CN]2. In order to test for a V-shaped Hammett 
behavior, the compound [10-OMe][AlCl4] was made and briefly investigated. Oxidation of the dimeric 
species [10-OMe]2 occurred at Ep = 417 mV. This value for R = OMe fit well to a line when plotted with 
the other four points (R = Me, H, Br, CN). It is unclear why the potential for [10-NMe2]2 does not fit to 
the Hammett trend; however, it is noteworthy that this compound has other nearby oxidation events at 
more positive potentials that may correspond to oxidation of the dimethylamine functional group. 
After the transient radical 10-H dimerizes to form a C–C bond, 2e– are formally stored in a C–C bond. 
We sought to engage these electrons in a reaction that would return the starting material, [10-H]+. 
Accordingly, oxidative cleavage [10-H]2 effected by either the addition of AgOTf or [Cp2Fe][PF6] to  
[10-H]2 give [10-H][OTf] (68%) and [10-H][PF6] (78%) as products. This demonstrates a two-step route 
for conterion exchange that converts the initial diazoalkane complex [10-H][AlCl4] into [10-H][A] (A = 
PF6–, OTf–; eqs. 4, 5). 
 [10-H][AlCl4] + [Cp2Co] → [10-H]2 (97%) + [Cp2Co][AlCl4] (4) 
[10-H]2 + [Cp2Fe][PF6] → [10-H][PF6] (78%) + Cp2Fe (5) 
Related examples of redox non-innocent C–C bonds have been studied for their capacity to act as 
charge storage devices. Metallocumulenes such as Cp(Et2PCH2CH2PEt2)Mn=C=CH2 participate in 
oxidative coupling reactions to form a C–C bonded dimer that formally stores two holes.82-84 The 
complementary function, electron storage, is accomplished by [10-H]2. Combination of hole and electron 
storing molecules is a goal in the development of molecular batteries.84 Only a few systems have been 
described that carry out both functions, such as Floriani’s [M(salophen)]n (n = 2, 0, –2).85-88 Therefore, it 
has become desirable to find mixed-molecule systems for charge storage. These systems expand the scope 
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of molecular charge storage technology, and make it possible to tune the electrochemical difference 
between the hole and charge storage compartments of the molecular battery. 
Conclusions 
A new synthetic route to diazoalkane ligands from N2 has been described. Characterization of the 
complexes, [10-R][AlCl4], included Raman spectroscopy to elucidate the N–N stretching frequency of the 
coordinated diazoalkane, for which literature data are scarce. Reductive dimerization of [10-R]+ coupled 
the diazoalkane ligands at carbon to form a bridging ligand. One such dimer, [10-H]2, was 
crystallographically characterized. Electrochemical studies showed a Hammett trend in both the reduction 
of [10-R][AlCl4] and oxidation of [10-R]2. As a consequence of reversible C–C bond formation, the redox 
potentials of these species span nearly 1 V. These studies also provided evidence for a transient odd-
electron complex, 10-R. The structure of this odd-electron intermediate was probed by DFT calculations. 
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Figure 13. Line depicting the redox potentials of the complexes presented here in comparison some commonly 
used organometallic electrochemical standards. A conversion factor of 560 mV was used for the Cp2Fe/SCE 
couple.89 
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Experimental Procedures 
General Remarks. All manipulations were carried out under an atmosphere of purified nitrogen in a 
Vacuum Atmospheres Model MO-40M glovebox equipped with the QP-30 accessory, or by standard 
Schlenk techniques.90,91 Inside the MO-40M glovebox the ambient temperature ranged from 18–22 °C. 
All glassware was oven-dried at a temperature above 150 °C for at least 12 h and allowed to cool under 
dynamic vacuum prior to use. Celite, alumina, and 4 Å sieves were activated by heating to a temperature 
greater than 180 °C under a dynamic vacuum for 2 d (celite) or 5 d (alumina and 4 Å sieves). Et2O, n-
hexane, n-pentane, and toluene were bubble degassed with nitrogen and forced, under positive pressure, 
through a column of activated alumina followed by a column of activated Q5.92 CH2Cl2 was bubble 
degassed with nitrogen and forced, under positive pressure, through two columns of activated alumina.92 
THF was dried over sodium metal and distilled from dark purple solutions of sodium benzophenone 
ketyl. MeCN was taken from an Aldrich Sure-Seal bottle, filtered through a column of activated alumina 
(4 × 3 cm), and degassed under a dynamic vacuum. HMDSO was distilled from dark purple solutions of 
sodium benzophenone ketyl. CHCl3 was refluxed over CaH2 for 48 h prior to distillation. All solvents 
were stored over 4 Å sieves. C6D6 was degassed by three freeze-pump-thaw cycles and stored over 4 Å 
sieves for 3 d prior to use. CDCl3 was refluxed over CaH2 for 24 h then distilled and stored over 4 Å 
sieves. d8-THF was distilled from sodium benzophenone ketyl. 1H and 13C NMR shifts are referenced to 
residual solvent resonances (for C6D6, 7.16 and 128.39 ppm; for CDCl3, 7.24 and 77.23 ppm; for d8-THF, 
3.58 and 67.57 ppm). All 15N NMR spectra are externally referenced to neat H3CC15N (δ = 245 ppm) in 
comparison to liquid NH3 (δ = 0 ppm).93 All 31P NMR spectra are externally referenced to 10% aqueous 
phosphoric acid (δ = 0 ppm), 19F NMR spectra are externally referenced to CFCl3 (δ = 0 ppm), and 27Al 
NMR spectra are externally referenced to AlCl3 in D2O (δ = 0 ppm). UV-vis spectra were obtained on 
HP8453 spectrophotometers in 1 cm quartz cells manufactured by Starna. Infrared spectra were obtained 
on a Nicolet Magna 860 FT-IR in transmission mode. Positive ion ESI-MS were obtained using a Bruker 
Daltonics APEXIV, 4.7 T Fourier Transform Ion Cyclotron Resonance Mass Spectrometer, and are 
shown in the Appendix. Combustion analysis was performed by Midwest Microlab, LLC (Indianapolis, 
IN). 
Raman Spectroscopy. An Invictus solids state laser at 785 nm manufactured by Kaiser Optics was 
routed through fiber optic cables to a Hololab series 5000 Raman Microscope. The sample was placed in 
an NMR tube under the objective (10×) of the microscope. The Stokes shifted Raman scatter was 
observed via 180° reflectance through the objective of the Raman microscope at a laser power of 30 mW. 
Reported Raman spectra are an average of 8 spectra, each collected for 2 s using an automated routine in 
Hololab software to automatically correct for the dark current. The averaged spectrum has the solvent 
signals subtracted and was subsequently baseline corrected using GRAMS software. Raman shifts are 
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reported in reference to an external standard of neat cyclohexane (801.3 cm–1). Raman spectra for  
[10-R][AlCl4] (R = NMe2, Me, H, Br) are in the Appendix, and that for R = H is shown in Figure 3. 
Electrochemical Measurements. A Bioanalytic Systems CW-50 potentiostat, 1 mm diameter Pt disk 
working electrode, Pt wire counter electrode, and Ag wire pseudo-reference electrode were used for all 
measurements. All electrochemical measurements were made in 0.2 M [N(n-Bu)4][PF6] THF solutions. 
To measure potentials, Cp*2Fe was used as an internal standard. The Cp*2Fe0/+ couple is referenced to 
117 mV vs SCE. This reference was obtained by measurement of the Cp*2Fe0/+ couple with respect to that 
of Cp2Fe0/+ to obtain a difference of 443 mV, before the conversion factor of 560 mV for Cp2Fe0/+ vs. 
SCE was applied.89,94 Reversible redox potentials of [10-R][AlCl4] were measured by cyclic voltammetry 
of 50 μM solution at several scan rates. Oxidative peak potentials of in situ formed [10-R]2 were 
measured by differential scanning voltammetry (dpv) acquired on 5 mM solutions of [10-R][AlCl4]. DPV 
data was acquired by a single scan from ca. –1 V to 1 V taken at 20 mV/s using the data collection 
following parameters: pulse height, 50 mV; pulse length, 50 ms; sampling intervals, 20 ms; and cycle 
repeat time, 200 ms. For R = OMe, all potentials were measured at arbitrary concentrations. Isolated 
samples of [10-H][AlCl4] and [10-H]2 show the same features in the cyclic voltammogram. Cyclic 
voltammograms for [10-R][AlCl4] (R = NMe2, Me, H, Br) are in the Appendix, and that for R = H is 
shown in Figure 8. For [10-H]2, the cyclic voltammogram is depicted in Figure 11. 
Single-Crystal X-Ray Diffraction. X-ray diffraction data were collected using a Siemens Platform three-
circle diffractometer coupled to a Bruker-AXS Smart Apex CCD detector with graphite-monochromated 
Mo Kα radiation (λ = 0.71073 Å), performing φ- and ω-scans. The molecular structure was obtained by 
direct methods using SHELXS95 and refined against F2 on all data by full-matrix least squares with 
SHELXL-9796,97 All non-hydrogen atoms were refined anisotropically; all hydrogen atoms were included 
into the model at their geometrically calculated positions and refined using a riding model except for the 
H1 in the structures for [10-H][AlCl4], [10-NMe2][AlCl4], and [10-H]2 which were located in an electron 
density map. The crystallographic data files are available from the MIT Reciprocal Net site using the 
following identification codes: [10-H][AlCl4], 04178; [10-NMe2][AlCl4], 04226; and [10-H]2, 07167. 
15N NMR data for 15N2-Me3SiNNMo(N[t-Bu]Ar)3. This compound was prepared from Mo(N[t-Bu]Ar)3 
and 15N2 following literature procedures.98 15N{1H} NMR (50 MHz, CDCl3, 20 °C): δ = 400 (d, 1JNN = 12 
Hz, NMo), 278 (d, 1JNN = 12 Hz, NSi) ppm. Identical chemical shifts and coupling constants were 
obtained at 50 MHz and 20 °C in C6D6. When 1H decoupling is not applied the resonance at 280 ppm is 
unobserved, consistent with weakened intensity when the resonance is split by the protons on the 
trimethylsilyl group. 
Preparation of [4-Me2NC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-NMe2][AlCl4]. At 20 °C, 5 mL 
Et2O was added dropwise to a stirred suspension of AlCl3 (1.40 g, 6.650 mmol, 2.32 equiv) in 10 mL n-
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pentane to form a solution. The so obtained solution was added dropwise to a mixture of 4-Me2N-
C6H4CHO (433 mg, 2.904 mmol, 1.01 equiv) and Me3SiNNMo(N[t-Bu]Ar)3 (2.087 g, 2.869 mmol) in 
200 mL CH2Cl2/Et2O (1:1). This addition was carried out at 20 °C over 2 min. The resulting mixture was 
stirred for 15 h, during which time the color of the mixture changed from yellow-orange to a dark fuchsia. 
After that time the solvent was removed from the reaction mixture by applying a dynamic vacuum. To the 
so obtained residue was added 80 mL n-hexane and the solvent was again dried under dynamic vacuum. 
The resulting residue was then scrapped onto a sintered-glass frit and washed with n-pentane (20 mL × 3) 
to remove a yellow filtrate and Et2O (30 mL × 8) to remove a dark purple filtrate. The remaining dark 
purple powder was dried under a dynamic vacuum (1.400 g, 1.468 mmol, 51%), mp = 125-135 °C (dec). 
1H NMR (600 MHz, CDCl3, 20 °C): δ = 8.56 (s, 1 H, CHN2), 7.84 (br-s, 2 H, Me2NC3H2), 6.98 (s, 3 H, 
para-Ar), 6.81 (d, 2 H, H2C3C(H)N2), 5.78 (s, 6 H, ortho-Ar), 3.24 (s, 6 H, NCH3), 2.18 (s, 18 H, Ar–
CH3), 1.26 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 MHz, CDCl3, 20 °C): δ =163.8 (N2C), 156.1 
(Me2NC), 145.5 (ipso-Ar), 138.6, 130.7, 129.3, 116.6, 112.9, 68.0 (C(CH3)3), 40.7 (NCH3), 32.2 
(C(CH3)3), 21.6 (Ar–CH3) ppm; one carbon was obscured. 27Al NMR (125 MHz, CDCl3, 20 °C): δ = 
103.4 ppm. ESI-MS: m/z = 787.4348 (787.4339, M+). UV-vis (CH2Cl2, 20 °C): λ (ε) =  538 (45400), 509 
(35300, shoulder) nm (M–1cm–1). Anal. Calcd for C45H65N6MoAlCl4: C, 56.61; H, 6.86; N, 8.80; Cl, 
14.85. Found: C, 56.42; H, 6.84; N, 8.85; Cl, 14.83. Crystals suitable for X-ray diffraction were grown 
from CH2Cl2 solution at 20 °C.  
Preparation of [4-MeOC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-OMe][AlCl4]. At 20 °C, 10 mL 
Et2O was added dropwise to a stirred suspension of AlCl3 (736 mg, 5.513 mmol, 2.0 equiv) in 20 mL n-
pentane to form a solution. This solution was added dropwise to a mixture of Me3SiNNMo(N[t-Bu]Ar)3 
(2.00 g, 2.76 mmol) and 4-MeO-C6H4CHO (375 mg, 2.76 mmol, 1 equiv) in 100 mL Et2O. During the 
addition, a red precipitate formed in the reaction vessel. The mixture was stirred for 1 h after the addition 
was completed. Then the precipitate was collected by filtration of the reaction mixture. The so obtained 
solids were washed with Et2O (20 mL × 5) to remove a yellow filtrate. Drying of the solids under a 
dynamic vacuum afforded the product as a bright red-orange powder (2.38 g, 2.67 mmol, 96.8%). 1H 
NMR (600 MHz, CDCl3, 20 °C): δ = 8.78 (s, 1 H, CHN2), 8.03 (d, 2 H, H2C3C(H)N2), 7.10 (d, 2 H 
MeOC3H2), 7.00 (s, 3 H, para-Ar), 5.74 (s, 6 H, ortho-Ar), 3.94 (s, 3 H, OCH3), 2.18 (s, 18 H, Ar–CH3), 
1.26 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 MHz, CDCl3, 20 °C): δ = 166.4 (MeOC), 164.8 (N2C), 145.2 
(ipso-Ar), 138.7, 133.4, 130.9, 128.9, 122.0, 115.8, 68.8 (C(CH3)3), 56.2 (OCH3), 32.0 (C(CH3)3), 21.3 
(Ar–CH3) ppm. 27Al NMR (125 MHz, CDCl3, 20 °C): δ = 103.4 ppm. Anal. Calcd for 
C44H62AlCl4MoN5O: C, 56.12; H, 6.64; N, 7.44; Cl, 15.05. Found: C, 55.86; H, 6.26; N, 7.53; Cl, 15.00.  
Preparation of [4-MeC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-Me][AlCl4]. At 20 °C, 5 mL Et2O was 
added dropwise to a stirred suspension of AlCl3 (480 mg, 3.596 mmol, 2.08 equiv) in 10 mL n-pentane to 
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form a solution. The so obtained solution was then added dropwise to a mixture of Me3SiNNMo(N[t-
Bu]Ar)3 (1.25 g, 1.722 mmol) and 4-Me-C6H4CHO (232 mg, 1.722 mmol, 1 equiv) in 65 mL Et2O. Upon 
addition, a red precipitate formed. The mixture was additionally stirred for 2 h before the solids were 
collected by filtration of the reaction mixture. The so obtained solids were washed with Et2O (15 mL × 5) 
to remove a yellow filtrate. Drying of the solids under a dynamic vacuum afforded the product as a bright 
red powder (1.472, 1.548 mmol, 89.9%), mp = 191-193 °C. 1H NMR (600 MHz, CDCl3, 20 °C): δ = 8.87 
(s, 1 H, CHN2), 7.96 (d, 2 H, H2C3C(H)N2), 7.40 (d, 2 H, MeC3H2), 7.02 (s, 3 H, para-Ar), 5.75 (s, 6 H, 
ortho-Ar), 2.50 (s, 3 H, C6H4CH3), 2.19 (s, 18 H, Ar–CH3), 1.28 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 
MHz, CDCl3, 20 °C): δ = 165.6 (N2C), 147.7, 145.3 (ipso-Ar), 138.8, 131.0, 131.0, 130.8, 128.9, 127.5, 
69.2 (C(CH3)3), 32.1 (C(CH3)3), 22.5 (C6H4CH3), 21.6 (Ar–CH3) ppm. 27Al NMR (125 MHz, CDCl3, 20 
°C): δ = 103.4 ppm. ESI-MS: m/z = 758.4081 (758.4073, M+). Anal. Calcd for C44H62AlCl4MoN5: C, 
57.06; H, 6.75; N, 7.57; Cl, 15.12. Found: C, 57.03; H, 6.76; N, 7.36; Cl, 14.78.  
Preparation of [PhC(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-H][AlCl4]. At 20 °C, 5 mL Et2O was added 
dropwise to a stirred suspension of AlCl3 (755 mg, 5.655 mmol, 2.08 equiv) in 10 mL n-pentane to form a 
solution. The so obtained solution was then added dropwise to a mixture of Me3SiNNMo(N[t-Bu]Ar)3 
(2.00 g, 2.755 mmol) and PhCHO (293 mg, 2.764 mmol, 1 equiv) in 80 mL Et2O. Upon addition, a red 
precipitate formed. The mixture was additionally stirred for 2 h before the solids were collected by 
filtration of the reaction mixture. The so obtained solids were washed with Et2O (15 mL × 6) to remove a 
yellow filtrate. Drying of the solids under a dynamic vacuum afforded the product as a red powder (2.333 
g, 2.491 mmol, 90.4%), mp = 192-194 °C. Crystals suitable for X-ray diffraction studies were grown 
from THF/n-pentane at –35 °C. 1H NMR (600 MHz, CDCl3, 20 °C): δ = 8.96 (s, 1 H, CHN2), 8.10 (d, 2 
H, ortho-Ph), 7.70 (t, 1 H, para-Ph), 7.61 (t, 2 H, meta-Ph), 7.04 (s, 3 H, para-Ar), 5.75 (s, 6 H, ortho-
Ar), 2.20 (s, 18 H, Ar–CH3), 1.29 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 MHz, CDCl3, 20 °C): δ = 165.5 
(NNC), 145.3 (ipso-Ar), 135.8, 131.1, 130.9, 130.9, 130.2, 129.9, 128.8, 69.4 (C(CH3)3), 32.1 (C(CH3)3), 
21.6 (Ar–CH3) ppm. 27Al NMR (125 MHz, CDCl3, 20 °C): δ = 103.4 ppm. ESI-MS: m/z = 744.3939 
(744.3917, M+). Anal. Calcd for C43H60AlCl4MoN5: C, 56.62; H, 6.64; N, 7.68; Cl, 15.35. Found: C, 
56.77; H, 6.73; N, 7.36; Cl, 15.33. For 15N2-[10-H][AlCl4], 15N NMR (50 MHz, CDCl3, 20 °C): 384 (dd, 
1JNN = 17 Hz, 2JNH = 3 Hz, Mo–N), 417 (dd, 1JNN = 17 Hz, 3JNH = 6 Hz, N–C) ppm. 
Thermal Stability of [PhC(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-H][AlCl4]. Into 1.0 mL of CDCl3 was 
dissolved [10-H][AlCl4] (50 mg, mmol) to form a red solution. The solution was then heated to 50 °C for 
5 d over which time no color change was observed. Analysis by 1H NMR spectroscopy showed only [10-
H][AlCl4], and no evidence of decomposition.  
Preparation of [4-BrC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-Br][AlCl4]. At 20 °C, 5 mL Et2O was 
added dropwise to a stirred suspension of AlCl3 (480 mg, 3.596 mmol, 2.08 equiv) in 10 mL n-pentane to 
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form a solution. The so obtained solution was then added dropwise to a mixture of Me3SiNNMo(N[t-
Bu]Ar)3 (1.25 g, 1.722 mmol) and 4-Br-C6H4CHO (322 mg, 1.724 mmol, 1 equiv) in 65 mL Et2O. Upon 
addition, the initially yellow mixture took on a dark red color. The intensity of this color increased during 
the next 3 h during which the mixture was stirred. Stirring was stopped and 100 mL n-pentane was added 
to the mixture before the solids were collected by filtration. The solids were washed with Et2O (15 mL × 
6) and dried under a dynamic vacuum to afford the product as a red powder (1.673 g, 1.647 mmol, 97%), 
mp = 189-192 °C. 1H NMR (600 MHz, CDCl3, 20 °C): δ = 8.98 (s, 1 H, CHN2), 8.00 (d, 2 H, 
H2C3CHN2), 7.73 (d, 2 H, H2C3Br), 7.02 (s, 3 H, ortho-Ar), 5.75 (s, 6 H, para-Ar), 2.20 (s, 18 H, Ar–
CH3), 1.28 (s, 27 H, C(CH3)3) ppm. 13C NMR (125 MHz, CDCl3, 20 °C): δ = 164.4 (NNC), 145.3 (ipso-
Ar), 138.8, 133.3, 132.0, 131.1, 131.0, 128.9 (C–Br), 128.8, 69.5 (C(CH3)3), 32.1 (C(CH3)3), 21.6 (Ar–
CH3) ppm; one carbon was obscured. 27Al NMR (125 MHz, CDCl3, 20 °C): δ = 103.4 ppm. ESI-MS: m/z 
= 822.3026 (822.3022, M+). Anal. Calcd for C43H59AlBrCl4MoN5: C, 52.17; H, 6.01; N, 7.07; Br, 7.97; 
Cl, 14.14. Found: C, 51.79; H, 5.92; N, 6.97; Br, 7.57; Cl, 13.43.  
Preparation of [4-NCC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-CN][AlCl4]. At 20 °C, 
Me3SiNNMo(N[t-Bu]Ar)3 (1.498 g, 2.066 mmol), 4-NC-C6H4CHO (271 mg, 2.068 mmol, 1 equiv), and 
AlCl3 (580 mg, 4.345 mmol, 2.1 equiv) were combined as solids in a 300 mL round-bottom flask. To this 
mixture was added 80 mL of n-pentane. Rapid stirring of this mixture formed a yellow solution, 
presumably by dissolving Me3SiNNMo(N[t-Bu]Ar)3 and 4-NC-C6H4CHO. To the stirred mixture was 
added 20 mL of Et2O dropwise. Upon addition of Et2O a red precipitate began to form. The mixture was 
stirred for 3 h before the red precipitate was collected by filtration of the reaction mixture. These solids 
were washed with n-pentane (20 mL × 3) and Et2O (10 mL × 3). The remaining solids were dried under a 
dynamic vacuum to afford a red powder (1.43 g, 1.487 mmol, 72.0 %), mp = 112-120 °C (dec). 1H NMR 
(600 MHz, CDCl3, 20 °C): δ = 9.12 (s, 1 H, CHN2), 8.28 (d, 2 H, H2C3CHN2), 7.84 (d, 2 H, H2C3CN), 
7.03 (s, 6 H, para-Ar), 5.75 (s, 6 H, ortho-Ar), 2.20 (s, 18 H, Ar–CH3), 1.29 (s, 27 H, C(CH3)3) ppm. 13C 
NMR (125 MHz, CDCl3, 20 °C): δ = 163.0 (N2C), 145.3 (ipso-Ar), 138.9 (br), 134.6 (br), 133.6, 131.2, 
130.9, 128.5, 69.9 (C(CH3)3), 32.0 (C(CH3)3), 21.6 (Ar–CH3) ppm; one carbon was obscured. 27Al NMR 
(125 MHz, CDCl3, 20 °C): δ = 103.4 ppm. ESI-MS: m/z = 769.3870 (769.3869, M+). Anal. Calcd for 
C44H59AlCl4MoN6: C, 56.39; H, 6.35; N, 8.97; Cl, 14.94. Found: C, 56.04; H, 6.40; N, 8.65; Cl, 14.71.  
Preparation of μ-(PhC(H)NN)2[Mo(N[t-Bu]Ar)3]2, [10-H]2. At –35 °C a solution of [10-H][AlCl4] 
(1.00g, 1.24 mmol) in 30 mL CHCl3 was added Cp2Co (234 mg, 1.24 mmol, 1 equiv) as a solid. The 
vessel that contained Cp2Co was rinsed with 10 mL of n-pentane that was also added to the reaction 
mixture. The resulting mixture rapidly changed in color from the initial dark red to yellow. The mixture 
was stirred for 20 min while warming to 20 °C. Filtration of the reaction mixture through celite removed 
yellow solids that were washed with n-pentane (30 mL × 2). The filtrate was then filtered through celite a 
Dinitrogen-Derived Diazoalkane Complexes 165
 
second time and the solvent removed under a dynamic vacuum. The dried filtrate was collected as a 
yellow powder (764 mg, 1.20 mmol, 96.7%), mp = 156-160 °C (dec).1H NMR (500 MHz, CDCl3, 20 °C): 
δ = 7.28 (t, 4 H, meta-Ph), 7.20 (m, 6 H, ortho- and para-Ph), 6.74 (s, 6 H, para-Ar), 6.16 (s, 2 H, CHN2), 
5.73 (s, 12 H, ortho-Ar), 2.10 (s, 36 H, Ar-CH3), 1.27 (s, 54 H, C(CH3)) ppm. 1H NMR (500 MHz, d8-
THF, 20 °C): δ = 7.28 (t, 4 H, meta-Ph), 7.13 (m, 6 H, ortho- and para-Ph), 6.75(s, 6 H, para-Ar), 6.2 (s, 
2 H, CHN2), 5.78(s, 12 H, ortho-Ar), 2.09 (s, 36 H, Ar–CH3), 1.26 (s, 54 H, C(CH3)) ppm. 13C NMR (125 
MHz, CDCl3, 20 °C): δ = 149.1 (ipso-Ar), 141.6, 136.8, 130.9, 130.1, 127.5, 126.1, 126.0, 73.8 
(C(CH3)3), 62.4 (N2C), 32.9 (C(CH3)3), 21.4 (Ar–CH3) ppm. FT-IR (CDCl3, 20 °C): νNN = 1453 cm–1. 
Anal. Calcd for C86H120Mo2N10: C, 69.52; H, 8.14; N, 9.43. Found: C, 69.34; H, 8.19; N, 9.36. A single 
crystal suitable to X-ray crystallographic analysis was obtained by storing a THF solution at –35 °C for 
several days. For 15N4-[10-H]2: 15N NMR (50 MHz, CDCl3, 20 °C): 428 (d, 1JNN = 17 Hz, NMo), 304 (d, 
1JNN = 17 Hz, NC) ppm. 
Synthesis of μ-(4-RC6H4C(H)NN)2[Mo(N[t-Bu]Ar)3]2, [10-R]2, by Cp2Co reduction of [4-R-
C6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-R][AlCl4]. Into 0.5 mL of d8-THF was dissolved [10-
R][AlCl4] to form a red solution. To this solution was added to approx 1 equiv of Cp2Co in the 
proportions given below. Upon addition the solution took on a yellow hue immediately, and a light 
yellow precipitate formed, presumably [Cp2Co][AlCl4] after stirring the mixture for 3 min The reaction 
mixture was filtered and the filtrate analyzed by 1H NMR spectroscopy. For [10-NMe2][AlCl4] (50 mg, 
0.052 mmol) and Cp2Co (10 mg, 0.054 mmol). 1H NMR (500 MHz, d8-THF, 20 °C): δ = 7.12 (d, 4 H, 
Me2NC3H2), 6.74 (s, 6 H, para-Ar), 6.55 (d, 4 H, H2C3C(H)N2), 6.09 (s, 2 H, CHN2), 5.76 (s, 12 H, ortho-
Ar), 2.91 (s, 6 H, Me), 2.08 (s, 36 H, Ar–CH3), 1.28 (s, 54 H, C(CH3)3) ppm and δ = 7.66 (d, 4 H, 
Me2NC3H2), 7.31 (d, 4 H, H2C3C(H)N2), 6.74 (s, 6 H, para-Ar), 5.25 (s, 2 H, CHN2), 5.74 (s, 12 H, ortho-
Ar), 2.93 (s, 6 H, Me), 2.07 (s, 36 H, Ar–CH3), 1.29 (s, 54 H, C(CH3)3) ppm formed in a 1.0:0.4 ratio. For 
[10-Me][AlCl4] (48 mg, 0.052 mmol) and Cp2Co (10 mg, 0.054 mmol). 1H NMR (500 MHz, d8-THF, 20 
°C): δ = 7.50 (br-s, 4 H, MeC3H2), 7.15 (s, 6 H, para-Ar), 6.96 (s, 4 H, H2C3C(H)N2), 6.14 (s, 2 H, 
CHN2), 5.84 (s, 6 H, C6H4CH3), 5.78 (s, 12 H, ortho-Ar), 2.09 (s, 36 H, Ar–CH3), 1.26 (s, 54 H, C(CH3)3) 
ppm and δ = 7.37 (br-s, 4 H, MeC3H2), 7.08 (s, 6 H, para-Ar), 6.75 (s, 4 H, H2C3C(H)N2), 6.32 (s, 2 H, 
CHN2), 5.84 (s, 6 H, C6H4CH3), 5.78 (s, 12 H, ortho-Ar), 2.24 (s, 36 H, Ar–CH3), 1.35 (s, 54 H, C(CH3)3) 
ppm formed in a 1.0:0.85 ratio. For [10-H][AlCl4] (50 mg, 0.053 mmol) and Cp2Co (11 mg, 0.058 mmol). 
1H NMR data are identical to that given above. For [10-Br][AlCl4] (52 mg, 0.053 mmol) and Cp2Co (10 
mg, 0.054 mmol). 1H NMR (500 MHz, d8-THF, 20 °C): δ = 7.33 (br-s, 4 H, BrC3H2), 7.22 (s, 4 H, 
H2C3C(H)N2), 6.76 (6 H, s, para-Ar), 6.13 (s, 2 H, CHN2), 5.73 (s, 12 H, ortho-Ar), 2.09 (s, 36 H, Ar–
CH3), 1.26 (s, 54 H, C(CH3)3) ppm. For [10-CN][AlCl4] (50 mg, 0.053 mmol) and Cp2Co (11 mg, 0.058 
166 Chapter Four
  
mmol). 1H NMR (500 MHz, d8-THF, 20 °C): δ = 7.54 (br-s, 4 H, NCC3H2), 7.43 (s, 4 H, H2C3C(H)N2), 
6.79 (s, 6 H, para-Ar), 6.32 (s, 2 H, CHN2), 5.78 (s, 12 H, ortho-Ar), 2.10 (s, 36 H, Ar–CH3), 1.26 (s, 54 
H, C(CH3)3). 
Oxidative Cleavage of μ-(PhC(H)NN)2[Mo(N[t-Bu]Ar)3]2, [10-H]2, by [Cp2Fe][PF6]. A 5 mL THF 
solution of [10-H]2 (300 mg, 202 mmol) was frozen in a liquid nitrogen-cooled cold well. To the frozen 
solution was added [Cp2Fe][PF6] (135 mg, 408 mmol, 2 equiv) as a solid. Upon thawing of the initially 
yellow solution, an immediate color change to red-orange occurred. The mixture was allowed to stir at 20 
°C for 20 min. The mixture was filtered through celite and the celite pad was washed with 5 mL of THF. 
The combined filtrate was dried under a dynamic vacuum to afford a red-orange powder. The powder was 
stirred in 15 mL n-pentane at 20 °C for 15 min to form a yellow solution, presumably containing the 
Cp2Fe byproduct, that was removed by filtration. The red solids that remained atop the frit were washed 
with n-pentane (5 mL × 2) until the washings were colorless, and dried under a dynamic vacuum (280 
mg, 315 mmol, 78%), mp = 186-192 °C (dec). 1H NMR data is identical to that reported for [10-
H][AlCl4]. 19F NMR (376 MHz, CDCl3, 20 °C): δ = –73 (d, 1JFP = 715 Hz) ppm. 31P NMR (162 MHz, 
CDCl3, 20 °C): δ = –144 (sept, 1JPF = 715 Hz) ppm. 
Oxidative Cleavage of μ-(PhC(H)NN)2[Mo(N[t-Bu]Ar)3]2, [10-H]2, by AgOTf. The [10-H]2 (45.1 mg, 
0.0304 mmol) was dissolved in Et2O (20 mL). To the solution was added AgOTf (15.6 mg, 0.0607 mmol) 
and the mixture was stirred for 2 h at room temperature. The mixture was filtered and the volatiles in the 
filtrate were removed in vacuo. Crystallization from benzene/THF layered with n-pentane gave bright 
orange microcrystals of [(PhCHNN)Mo(N[t-Bu]Ar)3][OTf] (37.0 mg, 68% yield). 1H NMR data is 
identical to that reported for [10-H][AlCl4]. 19F NMR (282 MHz, CDCl3, 20 °C): –76.9 ppm. Anal. Calcd 
for C44H60F3MoN5O3S: C, 59.25; H, 6.78; N, 7.85. Found: C, 59.01; H, 6.63; N, 7.65.  
Computational Methods. All density functional theory (DFT) calculations were carried out using the 
Amsterdam Density Functional (ADF) program package, versions 2004.01 or 2007.01.99-102 The geometry 
of 10-m was optimized using the local exchange-correlation potential of Vosko et al.103 (VWN) 
augmented self-consistently with gradient-corrected functionals for electron exchange pidginaccording to 
Becke104 and for electron correlation according to Perdew.105,106 This nonlocal density functional is termed 
BP86 in the literature.107 The coordinates for the optimized geometry of 10-m are given in Table 6. All 
other calculations were carried out using the OLYP functional which is a combination of the OPTX 
exchange functional of Handy and Cohen used with Lee, Yang, and Parr’s nonlocal correlation function 
(LYP).108-110 For all calculations, relativistic effects were included using the zero-order regular 
approximation (ZORA). 111,112 The basis set used was the all-electron ADF ZORA/TZ2P (triple ζ with 
two polarization functions) basis. NMR spectroscopy chemical shifts and coupling constants were 
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obtained from optimized geometries of the full molecules [10-H]+ an [10-H]2. Crystallographically 
determined atomic positions where used as the starting point for all geometry optimizations.  
Table 4. Calculated vibrational modes for [PhC(H)NNMo(NH2)3]+, [10-m]+. 
Mode 
Number 
Energy 
(cm–1) 
Absorption 
Intensity 
Raman 
Intensity 
 
Mode 
Number 
Energy 
(cm–1) 
Absorption 
Intensity 
Raman 
Intensity 
 
1 –67.409 –0.670 5.259  36 930.223 2.644 3.009
2 44.182 0.126 3.395  37 957.315 6.392 8.532
3 48.415 0.717 2.193  38 988.579 0.022 0.165
4 70.258 3.055 1.693  39 1002.340 8.883 81.384
5 127.122 1.214 3.681  40 1011.688 0.067 0.691
6 167.860 9.431 33.621  41 1054.320 0.050 115.572
7 168.427 2.462 5.199  42 1100.727 3.066 1.121
8 192.489 7.937 5.920  43 1148.191 237.237 2586.930
9 202.312 10.359 8.706  44 1187.201 0.918 13.381
10 229.644 26.287 1.436  45 1192.872 19.920 4.172
11 239.410 10.650 3.129  46 1233.947 29.799 3.714
12 315.175 42.354 3.173  47 1330.872 21.037 11.389
13 324.814 31.745 5.269  48 1363.346 8.527 491.179
14 347.465 38.203 2.732  49 1412.850 11.634 40.072
15 386.337 64.876 3.670  50 1459.087 78.639 160.031
16 391.290 1.871 0.249  51 1474.487 35.450 7.920
17 432.262 50.958 6.564  52 1482.737 32.655 7.951
18 466.030 70.785 30.294  53 1494.443 22.939 15.649
19 470.147 41.175 0.969  54 1511.820 3.421 0.885
20 513.063 29.446 21.310  55 1577.119 751.118 1505.210
21 541.231 5.966 3.622  56 1624.719 32.828 501.983
22 558.281 5.999 6.840  57 1628.076 61.506 61.549
23 572.022 17.317 63.317  58 3097.377 6.535 44.491
24 615.524 0.427 10.576  59 3108.828 1.349 7.920
25 652.137 66.519 15.292  60 3113.999 0.128 92.969
26 659.200 73.398 60.432  61 3121.840 1.762 140.774
27 665.884 42.476 55.354  62 3129.423 2.253 76.874
28 681.785 21.456 2.384  63 3136.794 1.926 424.392
29 694.403 44.025 8.408  64 3408.093 199.478 184.269
30 725.148 53.133 17.491  65 3412.045 196.880 196.145
31 744.997 23.614 31.408  66 3419.131 153.256 475.558
32 752.757 36.069 10.877  67 3546.883 49.055 36.638
33 769.401 25.226 2.153  68 3552.154 54.336 53.356
34 847.117 0.197 0.402  69 3556.104 60.090 62.734
35 857.524 35.124 18.008    
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Table 5. Calculated 15N NMR chemical shifts and coupling constants for [10-H]+ and [10-H]2. 
   exp calc exp a calc  
 
[10-H]+ 
δ 15N 384 397 1JNN  16.7 –17.0  
 δ 15N 417 422 2JNH 3.2 3.9  
  3JNH 5.8 –7.4  
 [10-H]2 δ 15N 304 306 1JNN 17.0 –15.0  
  δ15N 428 438   
a Note that |J| is shown for experimental shifts, as the sign of J was not experimentally 
determined. 
 
Table 6. Calculated atomic coordinates for 10-m (Å). 
 atom x y z  
 Mo 2.140409 0.015604 –0.817182  
 N –0.522789 –0.296866 0.542988  
 N 0.665467 0.062283 0.195704  
 N 3.662158 0.357796 0.356918  
 N 1.740876 1.330480 –2.208135  
 N 2.372970 –1.701682 –1.745401  
 C –2.727148 0.223197 1.381566  
 C –3.201449 –1.107166 1.302896  
 C –4.525275 –1.403710 1.602504  
 C –5.415616 –0.390618 1.986160  
 C –4.959080 0.928526 2.074935  
 C –3.632376 1.231817 1.781475  
 C –1.375518 0.586742 1.033250  
 H 3.605357 0.778123 1.284421  
 H 1.090459 2.108209 –2.101811  
 H 2.296397 1.446868 –3.058563  
 H 2.631475 –2.571560 –1.272480  
 H 1.823575 –1.935300 –2.576696  
 H 4.632307 0.344768 0.033455  
 H –6.454832 –0.629031 2.211179  
 H –4.875016 –2.434223 1.534098  
 H –5.642748 1.724770 2.369263  
 H –2.510194 –1.890505 0.995924  
 H –3.282748 2.262948 1.844885  
 H –1.072952 1.636434 1.140262  
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Preparation of MoCl3(THF)3.1 To a thick-walled, 250-mL Erlenmeyer flask equipped with a 1.25-inch, 
Teflon-coated stir bar is added 200 mL of Et2O and tin metal (25 g, 210 mmol, 4.75 equiv), in the form of 
3 mm tin shot. To the rapidly stirred mixture, MoCl5 (12 g, 44 mmol) is added in portions over 10 min at 
20 °C. Rapid stirring is continued for 14 h. Over this time, the initially black mixture takes on an orange 
color, which indicates that MoCl5 has been consumed and MoCl4(Et2O)2 has been formed. 
Stirring is stopped and the MoCl4(OEt2)2, which has only sparing solubility in Et2O, is allowed to 
settle to the bottom of the flask. The excess Et2O is the decanted away from the solids to reveal a viscous, 
orange slurry. To this slurry, 200 mL of THF is added, and the resulting mixture is stirred for ca. 3 h. 
During this time, the initially orange mixture darkens in color, eventually acquiring a brown or dark 
purple color. Once the reaction is judged complete, the solvent and Mo-containing powder are decanted 
away from the tin shot onto a sintered-glass frit. Filtration of the reaction mixture reveals an orange solid, 
which is separated from a darkly colored (brown or purple) filtrate. The solids are washed with THF until 
the remaining powder is bright orange in color and the filtrate is no longer highly colored. This bright 
orange powder is washed with Et2O to remove the excess THF, and the solids are dried under a dynamic 
vacuum (14 g, 33 mmol, 76%). The MoCl3(THF)3 product will typically discolor to a salmon orange after 
24 h at 20 °C; however, this does not appear to be deleterious to later synthetic steps.  
Occassionally purple solids are obtained from the procedure given above. This material is not suitable 
for further synthesis. If the purple color cannot be removed by washing this material with THF, the solids 
may be slurried in a mixture of ca. 100 mL Et2O and 20 mL CH2Cl2 and stirred for 15 min. Filtration of 
this slurry typically removes the highly-colored impurities, and affords MoCl3(THF)3 as an orange 
powder. 1H NMR (600 MHz, CDCl3, 20 °C): δ = 65.4 (s, 8 H), 56.0 (s, 4 H), 8.2 (s, 8 H), 6.1 (s, 4 H) 
ppm.2 
Deprotonation of HN[t-Bu]Ar to Prepare Li(OEt2)N[t-Bu]Ar.3,4 To a 2-L, 2-neck round-bottom flask 
equipped with a magnetic stir bar is added 800 mL of a 1.6 M solution of n-BuLi (1.28 mol, 1.08 equiv) 
in hexanes and 300 mL of Et2O. This solution is stirred rapidly while a solution of HN[t-Bu]Ar (210 g, 
535 mmol) in 200 mL Et2O is added dropwise at 20 °C. The addition must be monitored to ensure that the 
release of butane is controlled. This reaction is exothermic and the mixture becomes warm during the 
addition. After 1 h, the addition is complete and the reaction mixture is concentrated in vacuo. Upon 
concentration of the mixture, the product, Li(OEt2)N[t-Bu]Ar, precipitates. The reaction mixture is 
concentrated to ca. 300 mL before the product is washed in portions: The yellow precipitate is collected 
atop a 350 mL sintered-glass frit and washed with n-pentane (100 mL × 3) and Et2O (100 mL × 2) until 
only a bright white powder remains. Typically, the product is washed in three portions that are 
subsequently combined. No yield was obtained for this procedure. This protocol provides  
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the Li(OEt2)N[t-Bu]Ar product as a bright white microcrystalline solid that is evenly divided into two 500 
mL Nalgene bottles for storage at 20 °C. 
Preparation of Mo(N[t-Bu]Ar)3.4,5 To a 500-mL, round-bottom flask containing 400 mL of partially-
frozen Et2O (–116 °C), is added MoCl3(THF)3 (12 g, 29 mmol) and Li(OEt2)N[t-Bu]Ar (15 g, 58 mmol, 2 
equiv) as solids to form an orange slurry. This mixture is stirred for ca. 5.5 h, or 3 h after the reaction 
reaches 20 °C. As the reaction mixture nears 20 °C it becomes nearly homogenous and acquires a brown 
color; these indicators are generally useful for controlling the reaction time. After the mixture has stirred 
for the desired amount of time, the dark-brown reaction mixture is filtered through celite to remove 
excess MoCl3(THF)3 and LiCl. Then the filtrate is then evaporated to dryness by application of a dynamic 
vacuum to produce a red-orange solid. This solid is stirred into 100 mL of n-hexane to produce a 
suspension from which the solvent is again removed under a dynamic vacuum. This step helps to ensure 
that the THF is completely removed. The red solid that remains after the removal of n-hexane can 
typically be scrapped off of the walls of the flask using a spatula to give a red powder. This powder is 
dissolved in a minimum of n-pentane (ca. 200 mL; Et2O may be added if the solids are difficult to 
dissolve in n-pentane alone) and the resulting mixture is filtered through celite to remove any remaining 
salts. The filtrate is concentrated in a 250 mL filtration flask until a large amount of powder begins to 
precipitate from the solution. The top of the filtration flask is then plugged with 2.5-cm diameter, rubber 
septum that is secured to the top of the flask with electrical tape. A long syringe-needle is introduced 
through the side-arm of the filtration flask, and the solution is bubble degassed with Ar gas (15 psi) for 
45–90 s. The needle is then removed from the flask, and the sidearm is quickly capped with a 14/20 
rubber septum which is secured to the flask with electrical tape. After the flask is sealed, it is placed under 
a positive Ar pressure and stored –35 °C for several hours to afford Mo(N[t-Bu]Ar)3 as an red-orange 
powder. Typically, two crops are obtained (8 g, 13 mmol, 66%). 1H NMR (400 MHz, C6D6, 20 °C): δ = 
64 (br-s, 27 H, C(CH3)3), –10 (s, 18 H, Ar–CH3), –22 (br-s, 6 H, ortho-Ar), –56 (s, 3 H, para-Ar) ppm.  
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Figure 1. An optically transparent thin-layer electrode (OTTLE) constructed from a solution IR spectroscopy cell is 
suitable for the study of air-sensitive compounds. This electrochemical cell is adapted from literature designs.6,7  
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Figure 2. A photograph showing the layout of the OTTLE. The two rubber  
gaskets are responsible for making the air-tight seal. 
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Figure 3. UV-Vis spectrum of 22+ ( ) taken in an OTTLE at a potential of –50 mV. Holding the potential at –
750 mV, electrochemically generates 2+ ( ). This experiment was carried out in 0.5 M [N(n-Bu)4][PF6]/THF at 
20 °C. 
ESI-MS and SQUID Data for  
(μ-N2)[Mo(N[t-Bu]Ar)3]2n+ 
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Figure 4. Positive-ion electrospray mass spectrograph (ESI-MS) for 15N-enriched 2[B(ArF)4]2. Above are shown 
the isotope patterns for 22+, 640 amu; 2+–(t-Bu), 1222 amu; and 2+, 1278 amu. 
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Table 1. SQUID data for 2. 
Field 
(Oe) 
Temperature 
(K) 
χM 
(cm3 mol–1) 
1/χM 
(cm–3 mol) 
χM×T 
(cm3 mol–1 K) 
μeff 
(μB) 
 
50000 5 0.02355 42.47 0.11774 0.97
50000 6 0.02352 42.53 0.14109 1.06
50000 7 0.02348 42.59 0.16436 1.15
50000 8 0.02345 42.64 0.18763 1.22
50000 9 0.02343 42.69 0.21084 1.30
50000 10 0.02340 42.73 0.23380 1.37
50000 12 0.02329 42.94 0.27920 1.49
50000 14 0.02305 43.38 0.32299 1.61
50000 16 0.02273 44.00 0.36365 1.71
50000 18 0.02229 44.87 0.40114 1.79
50000 20 0.02176 45.96 0.43516 1.87
50000 23 0.02083 48.00 0.47917 1.96
50000 26 0.01982 50.44 0.51541 2.03
50000 29 0.01879 53.22 0.54513 2.09
50000 32 0.01778 56.24 0.56913 2.13
50000 35 0.01682 59.46 0.58882 2.17
50000 38 0.01592 62.83 0.60499 2.20
50000 41 0.01510 66.24 0.61927 2.23
50000 44 0.01434 69.74 0.63116 2.25
50000 47 0.01362 73.40 0.64056 2.26
50000 50 0.01294 77.26 0.64768 2.28
50000 55 0.01210 82.68 0.66596 2.31
50000 60 0.01116 89.59 0.67037 2.32
50000 65 0.01042 95.99 0.67786 2.33
50000 70 0.00975 102.59 0.68312 2.34
50000 75 0.00915 109.24 0.68736 2.34
50000 80 0.00863 115.88 0.69142 2.35
50000 85 0.00815 122.65 0.69416 2.36
50000 90 0.00772 129.46 0.69627 2.36
50000 95 0.00733 136.35 0.69760 2.36
50000 100 0.00697 143.39 0.69810 2.36
50000 110 0.00646 154.89 0.71120 2.38
50000 120 0.00585 170.82 0.70320 2.37
50000 130 0.00542 184.43 0.70557 2.38
50000 140 0.00505 198.20 0.70710 2.38
50000 150 0.00472 211.96 0.70830 2.38
50000 160 0.00444 225.40 0.71044 2.38
50000 170 0.00418 239.06 0.71187 2.39
50000 180 0.00395 252.92 0.71201 2.39
50000 190 0.00375 266.41 0.71372 2.39
50000 200 0.00357 279.92 0.71487 2.39
50000 210 0.00341 293.42 0.71615 2.39
50000 220 0.00326 306.86 0.71739 2.40
50000 230 0.00312 320.40 0.71817 2.40
50000 240 0.00300 333.86 0.71914 2.40
50000 250 0.00288 347.42 0.72000 2.40
25000 5 0.02375 42.11 0.11874 0.97
25000 6 0.02371 42.18 0.14224 1.07
25000 7 0.02366 42.26 0.16564 1.15
25000 8 0.02364 42.31 0.18909 1.23
25000 9 0.02360 42.37 0.21242 1.30
25000 10 0.02355 42.45 0.23555 1.37
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25000 12 0.02343 42.68 0.28118 1.50
25000 14 0.02323 43.06 0.32516 1.61
25000 16 0.02287 43.72 0.36593 1.71
25000 18 0.02242 44.60 0.40356 1.80
25000 20 0.02187 45.73 0.43737 1.87
25000 23 0.02091 47.81 0.48103 1.96
25000 26 0.01988 50.30 0.51708 2.03
25000 29 0.01883 53.10 0.54610 2.09
25000 32 0.01780 56.17 0.56984 2.13
25000 35 0.01683 59.42 0.58921 2.17
25000 38 0.01592 62.81 0.60519 2.20
25000 41 0.01508 66.31 0.61846 2.22
25000 44 0.01431 69.90 0.62974 2.24
25000 47 0.01357 73.71 0.63808 2.26
25000 50 0.01291 77.44 0.64577 2.27
25000 55 0.01208 82.78 0.66512 2.31
25000 60 0.01117 89.53 0.67093 2.32
25000 65 0.01042 96.01 0.67771 2.33
25000 70 0.00974 102.65 0.68293 2.34
25000 75 0.00915 109.33 0.68700 2.34
25000 80 0.00861 116.13 0.68992 2.35
25000 85 0.00813 122.95 0.69246 2.35
25000 90 0.00770 129.88 0.69382 2.36
25000 95 0.00731 136.88 0.69513 2.36
25000 100 0.00694 144.14 0.69440 2.36
25000 110 0.00642 155.71 0.70749 2.38
25000 120 0.00582 171.93 0.69862 2.36
25000 130 0.00538 185.83 0.70031 2.37
25000 140 0.00501 199.76 0.70159 2.37
25000 150 0.00468 213.66 0.70260 2.37
25000 160 0.00440 227.40 0.70432 2.37
25000 170 0.00415 241.21 0.70535 2.38
25000 180 0.00392 255.36 0.70507 2.37
25000 190 0.00372 269.00 0.70689 2.38
25000 200 0.00353 282.93 0.70741 2.38
25000 210 0.00337 296.70 0.70837 2.38
25000 220 0.00322 310.48 0.70897 2.38
25000 230 0.00308 324.17 0.70981 2.38
25000 240 0.00296 337.87 0.71078 2.38
25000 250 0.00284 351.96 0.71054 2.38
5000 5 0.02404 41.60 0.12019 0.98
5000 6 0.02396 41.74 0.14376 1.07
5000 7 0.02390 41.84 0.16731 1.16
5000 8 0.02385 41.93 0.19080 1.24
5000 9 0.02380 42.01 0.21422 1.31
5000 10 0.02375 42.10 0.23751 1.38
5000 12 0.02362 42.33 0.28324 1.51
5000 14 0.02339 42.76 0.32739 1.62
5000 16 0.02302 43.45 0.36828 1.72
5000 18 0.02255 44.34 0.40595 1.80
5000 20 0.02199 45.48 0.43975 1.88
5000 23 0.02103 47.56 0.48360 1.97
5000 26 0.01998 50.04 0.51958 2.04
5000 29 0.01891 52.87 0.54871 2.09
5000 32 0.01788 55.92 0.57244 2.14
5000 35 0.01690 59.18 0.59180 2.18
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5000 38 0.01599 62.53 0.60783 2.20
5000 41 0.01515 65.99 0.62148 2.23
5000 44 0.01439 69.49 0.63351 2.25
5000 47 0.01369 73.03 0.64402 2.27
5000 50 0.01299 76.97 0.65016 2.28
5000 55 0.01216 82.21 0.66962 2.31
5000 60 0.01122 89.10 0.67421 2.32
5000 65 0.01046 95.60 0.68076 2.33
5000 70 0.00979 102.19 0.68578 2.34
5000 75 0.00919 108.86 0.68989 2.35
5000 80 0.00865 115.64 0.69287 2.35
5000 85 0.00817 122.42 0.69524 2.36
5000 90 0.00774 129.26 0.69725 2.36
5000 95 0.00734 136.22 0.69834 2.36
5000 100 0.00698 143.27 0.69903 2.36
5000 110 0.00641 155.91 0.70680 2.38
5000 120 0.00584 171.14 0.70192 2.37
5000 130 0.00541 184.86 0.70390 2.37
5000 140 0.00503 198.73 0.70524 2.37
5000 150 0.00470 212.65 0.70597 2.38
5000 160 0.00442 226.47 0.70711 2.38
5000 170 0.00416 240.28 0.70825 2.38
5000 180 0.00394 254.07 0.70906 2.38
5000 190 0.00373 268.04 0.70937 2.38
5000 200 0.00354 282.21 0.70897 2.38
5000 210 0.00338 295.76 0.71059 2.38
5000 220 0.00323 309.80 0.71052 2.38
5000 230 0.00309 323.78 0.71076 2.38
5000 240 0.00296 337.83 0.71077 2.38
5000 250 0.00284 352.08 0.71047 2.38
5000 260 0.00273 366.21 0.71025 2.38
5000 270 0.00263 380.71 0.70956 2.38
5000 280 0.00253 395.48 0.70823 2.38
5000 290 0.00243 411.13 0.70554 2.38
5000 300 0.00233 429.98 0.69795 2.36
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Table 2. SQUID data for 2[B(ArF)4] measured at 5000 Oe. 
Temperature 
(K) 
χM 
(cm3 mol–1) 
1/χM 
(cm–3 mol) 
χM×T 
(cm3 mol–1 K) 
μeff 
(μB) 
 
5 0.03344 29.91 0.16705 1.16  
6 0.02805 35.65 0.16842 1.16  
7 0.02418 41.36 0.16912 1.16  
8 0.02122 47.12 0.16963 1.16  
9 0.01897 52.72 0.17062 1.17  
10 0.01716 58.26 0.17146 1.17  
12 0.01448 69.04 0.17376 1.18  
14 0.01259 79.44 0.17633 1.19  
16 0.01112 89.96 0.17782 1.19  
18 0.01005 99.53 0.18083 1.20  
20 0.00915 109.27 0.18301 1.21  
23 0.00811 123.27 0.18660 1.22  
26 0.00731 136.88 0.18996 1.23  
29 0.00666 150.07 0.19327 1.24  
32 0.00614 162.81 0.19658 1.25  
35 0.00571 175.17 0.19984 1.26  
38 0.00538 185.87 0.20435 1.28  
41 0.00505 197.95 0.20713 1.29  
44 0.00478 209.15 0.21043 1.30  
47 0.00459 217.93 0.21573 1.31  
50 0.00441 226.62 0.22070 1.33  
55 0.00405 246.69 0.22309 1.34  
60 0.00382 261.51 0.22959 1.36  
65 0.00362 276.15 0.23557 1.37  
70 0.00344 290.61 0.24109 1.39  
75 0.00328 305.16 0.24586 1.40  
80 0.00314 318.22 0.25168 1.42  
85 0.00302 331.54 0.25667 1.43  
90 0.00290 344.58 0.26152 1.45  
95 0.00280 356.84 0.26658 1.46  
100 0.00271 369.34 0.27073 1.47  
110 0.00256 391.29 0.28137 1.50  
120 0.00243 411.07 0.29219 1.53  
130 0.00233 429.96 0.30261 1.56  
140 0.00224 447.03 0.31326 1.58  
150 0.00216 462.54 0.32456 1.61  
160 0.00209 478.05 0.33494 1.64  
170 0.00204 491.37 0.34621 1.66  
180 0.00198 504.62 0.35693 1.69  
190 0.00193 516.80 0.36786 1.72  
200 0.00189 528.19 0.37857 1.74  
210 0.00185 539.12 0.38971 1.77  
220 0.00182 548.50 0.40128 1.79  
230 0.00179 558.45 0.41203 1.82  
240 0.00176 567.33 0.42305 1.84  
250 0.00174 575.27 0.43474 1.86  
260 0.00172 582.68 0.44636 1.89  
270 0.00170 589.51 0.45815 1.91  
280 0.00168 596.60 0.46944 1.94  
290 0.00166 601.53 0.48224 1.96  
300 0.00158 633.07 0.47399 1.99  
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Table 3. Optimized Geometry of 2 in Cartesian Coordinates (Å). 
Mo 2.496313 0.007269 –0.004429
Mo –2.496313 –0.007269 –0.004429
N 0.611428 –0.000329 0.007226
N –0.611428 0.000329 0.007226
N 3.043555 –0.284814 1.912730
N 3.021568 –1.491186 –1.232675
N 3.052250 1.794842 –0.740737
N –3.043555 0.284814 1.912730
N –3.021568 1.491186 –1.232675
N –3.052250 –1.794842 –0.740737
C 2.446310 0.114322 3.232398
C 1.322305 1.117608 2.976811
C 3.460500 0.828304 4.155278
C 1.942212 –1.146947 3.967377
C 4.290948 –0.991555 2.033806
C 5.503518 –0.294106 2.149382
C 6.718234 –0.964152 2.326612
C 6.716001 –2.364096 2.355121
C 5.526642 –3.094195 2.230563
C 4.323281 –2.394499 2.085041
C 7.994672 –0.181244 2.524485
C 5.547168 –4.604990 2.223632
C 2.442149 –2.847319 –1.511442
C 1.314124 –3.110336 –0.513601
C 3.487134 –3.967221 –1.311761
C 1.929747 –2.915407 –2.966550
C 4.255899 –1.215245 –1.920400
C 5.489991 –1.486536 –1.315141
C 6.699998 –1.234299 –1.974829
C 6.661735 –0.703581 –3.267710
C 5.444332 –0.428081 –3.908843
C 4.254158 –0.689144 –3.224718
C 5.417915 0.155943 –5.301867
C 8.008050 –1.535274 –1.285719
C 2.504054 2.673655 –1.827268
C 1.390826 1.913248 –2.549593
C 3.569296 3.022227 –2.890906
C 1.986763 3.992760 –1.215029
C 4.232268 2.308014 –0.099111
C 5.509821 2.072071 –0.630163
C 6.659790 2.588324 –0.020990
C 6.520959 3.338536 1.153082
C 5.260432 3.595563 1.710056
C 4.130152 3.080342 1.069251
C 5.120852 4.432327 2.960149
C 8.018953 2.353176 –0.636459
C –2.446310 –0.114322 3.232398
C –1.322305 –1.117608 2.976811
C –3.460500 –0.828304 4.155278
C –1.942212 1.146947 3.967377
C –4.290948 0.991555 2.033806
C –5.503518 0.294106 2.149382
C –6.718234 0.964152 2.326612
C –6.716001 2.364096 2.355121
C –5.526642 3.094195 2.230563
C –4.323281 2.394499 2.085041
C –7.994672 0.181244 2.524485
C –5.547168 4.604990 2.223632
C –2.442149 2.847319 –1.511442
C –1.314124 3.110336 –0.513601
C –3.487134 3.967221 –1.311761
C –1.929747 2.915407 –2.966550
C –4.255899 1.215245 –1.920400
C –5.489991 1.486536 –1.315141
C –6.699998 1.234299 –1.974829
C –6.661735 0.703581 –3.267710
C –5.444332 0.428081 –3.908843
C –4.254158 0.689144 –3.224718
C –5.417915 –0.155943 –5.301867
C –8.008050 1.535274 –1.285719
C –2.504054 –2.673655 –1.827268
C –1.390826 –1.913248 –2.549593
C –3.569296 –3.022227 –2.890906
C –1.986763 –3.992760 –1.215029
C –4.232268 –2.308014 –0.099111
C –5.509821 –2.072071 –0.630163
C –6.659790 –2.588324 –0.020990
C –6.520959 –3.338536 1.153082
C –5.260432 –3.595563 1.710056
C –4.130152 –3.080342 1.069251
C –5.120852 –4.432327 2.960149
C –8.018953 –2.353176 –0.636459
H 0.576044 0.737429 2.279721
H 1.731947 2.042840 2.550717
H 0.826808 1.366349 3.922575
H 3.869528 1.722931 3.667788
H 2.934921 1.144660 5.069384
H 4.292256 0.177097 4.450952
H 1.387812 –0.874916 4.878266
H 2.791285 –1.776073 4.268428
H 1.286550 –1.741196 3.321961
H 3.384133 –2.939634 2.000321
H 5.486124 0.794510 2.113380
H 7.878669 0.847788 2.164432
H 8.261893 –0.130539 3.590754
H 8.843250 –0.641354 2.000547
H 7.660825 –2.899722 2.479054
H 4.623267 –5.022551 2.642458
H 5.643969 –4.993115 1.198128
H 6.393662 –4.996469 2.801686
H 0.530557 –2.354071 –0.568853
H 1.703955 –3.107967 0.512996
H 0.868117 –4.092901 –0.711649
H 3.003120 –4.940192 –1.486432
H 4.331501 –3.877209 –2.006955
H 3.875149 –3.955725 –0.284702
H 1.268646 –2.069872 –3.186598
H 1.373461 –3.848637 –3.140489
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H 2.771026 –2.890054 –3.672128
H 3.297944 –0.477288 –3.700849
H 4.665947 –0.340232 –5.929092
H 6.392674 0.055701 –5.794536
H 5.165816 1.226875 –5.281313
H 7.599010 –0.503113 –3.792648
H 8.087667 –2.602130 –1.034221
H 8.081722 –0.981861 –0.339868
H 8.867773 –1.266830 –1.911663
H 5.498357 –1.910228 –0.311000
H 0.607271 1.582594 –1.866185
H 1.798914 1.021444 –3.042654
H 0.939995 2.555907 –3.316165
H 4.401873 3.600965 –2.471773
H 3.096323 3.628834 –3.678311
H 3.970942 2.109838 –3.350707
H 1.297204 3.794867 –0.387558
H 2.824470 4.589864 –0.829001
H 1.463291 4.596109 –1.971773
H 3.139793 3.263922 1.483809
H 5.599316 1.467684 –1.532535
H 7.413535 3.730248 1.648112
H 4.212944 4.171247 3.517536
H 5.057189 5.502711 2.714174
H 5.980658 4.300596 3.629348
H 8.783905 2.162062 0.127866
H 7.995514 1.499049 –1.323006
H 8.347140 3.231615 –1.211896
H –0.576044 –0.737429 2.279721
H –1.731947 –2.042840 2.550717
H –0.826808 –1.366349 3.922575
H –3.869528 –1.722931 3.667788
H –2.934921 –1.144660 5.069384
H –4.292256 –0.177097 4.450952
H –1.387812 0.874916 4.878266
H –2.791285 1.776073 4.268428
H –1.286550 1.741196 3.321961
H –3.384133 2.939634 2.000321
H –5.486124 –0.794510 2.113380
H –7.878669 –0.847788 2.164432
H –8.261893 0.130539 3.590754
H –8.843250 0.641354 2.000547
H –7.660825 2.899722 2.479054
H –4.623267 5.022551 2.642458
H –5.643969 4.993115 1.198128
H –6.393662 4.996469 2.801686
H –0.530557 2.354071 –0.568853
H –1.703955 3.107967 0.512996
H –0.868117 4.092901 –0.711649
H –3.003120 4.940192 –1.486432
H –4.331501 3.877209 –2.006955
H –3.875149 3.955725 –0.284702
H –1.268646 2.069872 –3.186598
H –1.373461 3.848637 –3.140489
H –2.771026 2.890054 –3.672128
H –3.297944 0.477288 –3.700849
H –4.665947 0.340232 –5.929092
H –6.392674 –0.055701 –5.794536
H –5.165816 –1.226875 –5.281313
H –7.599010 0.503113 –3.792648
H –8.087667 2.602130 –1.034221
H –8.081722 0.981861 –0.339868
H –8.867773 1.266830 –1.911663
H –5.498357 1.910228 –0.311000
H –0.607271 –1.582594 –1.866185
H –1.798914 –1.021444 –3.042654
H –0.939995 –2.555907 –3.316165
H –4.401873 –3.600965 –2.471773
H –3.096323 –3.628834 –3.678311
H –3.970942 –2.109838 –3.350707
H –1.297204 –3.794867 –0.387558
H –2.824470 –4.589864 –0.829001
H –1.463291 –4.596109 –1.971773
H –3.139793 –3.263922 1.483809
H –5.599316 –1.467684 –1.532535
H –7.413535 –3.730248 1.648112
H –4.212944 –4.171247 3.517536
H –5.057189 –5.502711 2.714174
H –5.980658 –4.300596 3.629348
H –8.783905 –2.162062 0.127866
H –7.995514 –1.499049 –1.323006
H –8.347140 –3.231615 –1.211896
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Table 4. Optimized geometry of 2+ in Cartesian Coordinates (Å). 
Mo 2.470074 –0.049568 –0.031498
Mo –2.486142 –0.024518 0.011340
N 0.608074 –0.051189 –0.014697
N –0.618174 –0.067045 –0.005119
N 3.028261 0.306620 –1.918766
N –3.097620 –1.460392 –1.223183
N –2.975014 1.780356 –0.686224
N 3.009108 –1.828943 0.693549
N 3.018860 1.444033 1.168626
N –3.058441 –0.447095 1.884505
C –5.488002 0.356286 –5.229712
C 3.448485 –0.957648 –4.054829
C –5.509992 –0.269534 –3.855048
C 1.971783 1.071516 –4.050444
C –6.727767 –0.611085 –3.250479
C –4.324461 –0.547326 –3.167846
C 2.427585 –0.148533 –3.229692
C –2.043447 –2.802624 –3.079161
C 5.485829 –4.552603 –2.708566
C –3.455678 2.982801 –2.846724
C 1.228383 –1.053983 –2.946857
C 8.007015 0.326838 –2.347566
C 5.410809 4.674041 –2.403197
C 6.647848 2.464770 –2.350677
C 6.695725 1.069010 –2.253396
C 5.436438 3.168486 –2.293561
C –1.227578 1.951416 –2.421031
C –6.777757 –1.225426 –1.994557
C 5.493831 0.369941 –2.087003
C 4.250356 2.441613 –2.141739
C 4.264630 1.042905 –2.039561
C –4.340274 –1.155255 –1.902351
C –8.105539 –1.592921 –1.373943
C 5.477751 –3.621281 –1.519854
C –2.403098 2.672807 –1.764353
C –2.481082 –2.790917 –1.603566
C –3.507407 –3.920361 –1.378466
C –5.573445 –1.489517 –1.328290
C 6.676912 –3.247175 –0.897353
C –7.922023 2.472754 –0.617670
C –1.917849 4.000464 –1.154477
C 4.274176 –3.128753 –1.001986
C –5.423521 2.089780 –0.567860
C –1.271712 –3.058383 –0.705586
C –6.562736 2.656067 0.015407
C –4.147589 2.309523 –0.026691
C 6.696521 –2.401145 0.216037
C 4.258581 –2.283592 0.119580
C 7.995605 –2.027810 0.890107
C 5.477413 –1.921004 0.711316
C 7.979474 2.069391 1.390110
C 1.092623 2.935234 0.692201
C –6.409309 3.427858 1.173542
C 1.969876 –4.076000 1.068273
C –4.026780 3.091403 1.131145
C 5.482711 1.671233 1.287002
C 3.289094 3.929201 1.277135
C –5.150465 3.657234 1.744134
C –5.542585 –4.781672 2.093427
C 2.340661 2.743642 1.551492
C 6.696973 1.524662 1.974050
C –6.721951 –2.546288 2.237056
C –5.526277 –3.271766 2.124764
C 4.279972 1.224394 1.845107
C 2.417180 –2.758259 1.727809
C –8.032245 –0.383057 2.370378
C –6.738764 –1.147998 2.217406
C –4.326906 –2.562244 2.008086
C –5.523786 –0.464452 2.073078
C –4.310529 –1.158193 1.977797
C 1.208119 –2.077445 2.366398
C –5.005556 4.536558 2.963630
C 3.441122 –3.070774 2.836458
C 6.688828 0.897737 3.222685
C 4.305152 0.599660 3.103741
C 1.948499 2.747149 3.040442
C –1.216864 0.805191 2.977643
C –2.447575 –0.069048 3.216387
C 5.501684 0.424611 3.802776
C –2.038531 –1.339293 3.984415
C –3.443634 0.737499 4.074026
C 5.529046 –0.251399 5.152896
H –5.645239 –0.405237 –6.007260
H –6.286362 1.101116 –5.341262
H –4.530457 0.847464 –5.438286
H 2.965279 –1.299711 –4.981309
H 1.470171 0.737808 –4.970632
H 4.321307 –0.355094 –4.332682
H 2.826285 1.696401 –4.340269
H –7.661372 –0.397245 –3.777648
H 0.843295 –1.448860 –3.896372
H 4.974683 –4.109825 –3.573904
H –2.904688 –2.707157 –3.752029
H 8.164416 –0.063394 –3.363871
H –2.987385 3.595125 –3.631887
H 3.794540 –1.838439 –3.498360
H –3.366183 –0.288485 –3.617012
H 4.946956 4.995536 –3.346313
H 6.510675 –4.798205 –3.011639
H 1.267624 1.684205 –3.474821
H –3.836980 2.062869 –3.304068
H –1.544808 –3.755676 –3.307553
H –1.339622 –1.987881 –3.286243
H –0.848853 2.556750 –3.253922
H 7.580194 3.022613 –2.467974
H 4.971876 –5.495300 –2.475473
H 6.423643 5.092230 –2.371043
H –1.536142 0.977339 –2.824133
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H 8.857910 0.976635 –2.110428
H –4.303201 3.547731 –2.441126
H –8.747964 –2.120034 –2.090951
H 0.421302 –0.512556 –2.445658
H 1.517062 –1.908963 –2.320485
H 3.293046 2.960977 –2.094414
H 5.506333 –0.716839 –1.999394
H –4.388238 –3.806145 –2.020821
H 8.023002 –0.532343 –1.665622
H 4.831875 5.127222 –1.586940
H –1.453274 4.617114 –1.938599
H –8.196152 3.356459 –1.212358
H –3.034014 –4.883795 –1.620166
H –7.930881 1.607659 –1.290629
H 7.621715 –3.628105 –1.293076
H –0.410851 1.788460 –1.710649
H –8.653512 –0.696215 –1.048979
H –5.521102 1.477853 –1.464417
H 3.328519 –3.406611 –1.467183
H –7.968916 –2.232731 –0.494327
H –0.894660 –4.070664 –0.901311
H –2.752736 4.572250 –0.730228
H –0.463984 –2.345662 –0.891953
H –5.590760 –1.974190 –0.353203
H –8.707585 2.338141 0.136712
H –3.837911 –3.949316 –0.333136
H –1.175381 3.823630 –0.369000
H 8.862117 –2.304436 0.277501
H 7.964744 2.027508 0.295014
H 1.339731 2.880767 –0.376789
H 5.467648 2.152644 0.309033
H 3.581161 3.958587 0.219242
H 1.245654 –3.884591 0.266539
H –1.548448 –2.997181 0.355210
H 2.824142 –4.623764 0.651183
H 8.038855 –0.949821 1.090436
H –5.726626 –5.148654 1.071954
H 0.670368 3.926903 0.894297
H 8.118828 3.123301 1.675254
H 8.854865 1.517270 1.751834
H 0.329012 2.183199 0.908370
H –7.292886 3.868483 1.641859
H 8.097094 –2.538338 1.858290
H –8.022189 0.530478 1.764108
H –8.896583 –0.989288 2.074652
H 5.467146 –1.266173 1.582115
H 2.766620 4.865569 1.519930
H –3.035167 3.263612 1.549601
H 1.492267 –4.721696 1.819493
H –7.665266 –3.089373 2.338678
H 4.197742 3.880494 1.888915
H 0.408257 –1.915320 1.638071
H –5.516046 0.625623 2.040848
H –3.381452 –3.098685 1.931237
H –4.586270 –5.202815 2.424916
H –6.337339 –5.187334 2.730757
H –4.777103 5.571781 2.669964
H 4.317993 –3.601807 2.446574
H –1.477078 1.704398 2.402321
H –0.432807 0.264280 2.440893
H –8.185398 –0.078110 3.415597
H 1.484994 –1.109377 2.803217
H –5.930570 4.560440 3.551332
H 0.818596 –2.712890 3.172923
H 7.631967 0.769725 3.760369
H 3.783421 –2.150514 3.327076
H 1.399762 3.672458 3.275244
H –4.192232 4.196175 3.616403
H 1.300615 1.895252 3.276258
H 2.965492 –3.710491 3.592793
H 3.370205 0.243121 3.533373
H –1.344930 –1.946566 3.390997
H 2.832255 2.710176 3.688268
H –3.767239 1.647123 3.553217
H –0.813281 1.132021 3.944607
H –2.914872 –1.950295 4.235592
H –4.330698 0.148960 4.334532
H 6.219484 –1.104613 5.155876
H –1.540751 –1.062294 4.925265
H –2.947101 1.031353 5.011350
H 4.535333 –0.620301 5.439178
H 5.867747 0.440957 5.934971
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Table 5. Optimized geometry of 22+ in Cartesian Coordinates (Å). 
Mo 2.419261 –0.030668 0.423387
Mo –2.419261 0.030668 –0.423387
N 0.613688 –0.005668 0.106464
N –0.613688 0.005668 –0.106464
N –2.761860 0.800333 –2.205378
N 3.263401 –1.117212 –0.981777
N –3.069614 –1.824035 –0.350332
N 3.069614 1.824035 0.350332
N –3.263401 1.117212 0.981777
N 2.761860 –0.800333 2.205378
C –4.549006 –2.659106 –5.346569
C –4.749751 –1.445295 –4.472066
C –6.007756 –0.833385 –4.372395
C –1.375563 1.285934 –4.239128
C –7.579631 0.950860 –3.512333
C 6.128744 2.619999 –3.527378
C –6.224136 0.289639 –3.564836
C –3.689043 –0.903808 –3.739099
C –2.983023 3.009802 –3.371070
C 4.050723 –1.016043 –3.355230
C –2.014385 1.880239 –2.972541
C –3.880210 0.213906 –2.915278
C –5.148787 0.799878 –2.827164
C 1.708739 –0.391712 –2.787740
C 2.425487 –2.794424 –2.649655
C 2.859481 –1.335343 –2.433076
C 5.907683 2.424220 –2.047401
C –0.929038 2.467722 –2.073639
C –7.957464 –2.410263 –1.188897
C –3.214617 –4.020960 –1.558695
C 4.622535 2.180099 –1.544825
C 6.972977 2.495168 –1.141117
C –1.048263 –2.805841 –1.426686
C –5.357019 5.282153 –0.842197
C –5.498992 –2.053728 –0.709560
C 8.222178 –1.301426 –0.401367
C 5.706186 –1.244098 –0.652115
C –2.337688 –3.122252 –0.667352
C 2.009672 3.859862 –0.639839
C 4.442796 –1.842926 –0.549402
C –6.723695 3.245180 –0.212827
C –5.474675 3.868338 –0.327378
C –6.789083 –2.316913 –0.237488
C 6.860432 –1.939460 –0.277676
C 4.411296 1.997930 –0.172791
C 4.335092 –3.151279 –0.061086
C –8.222178 1.301426 0.401367
C 6.723695 –3.245180 0.212827
C –6.860432 1.939460 0.277676
C 6.789083 2.316913 0.237488
C –4.335092 3.151279 0.061086
C 5.474675 –3.868338 0.327378
C –4.411296 –1.997930 0.172791
C –5.706186 1.244098 0.652115
C –4.442796 1.842926 0.549402
C 5.357019 –5.282153 0.842197
C 5.498992 2.053728 0.709560
C –2.009672 –3.859862 0.639839
C 2.337688 3.122252 0.667352
C 7.957464 2.410263 1.188897
C –6.972977 –2.495168 1.141117
C –4.622535 –2.180099 1.544825
C 3.214617 4.020960 1.558695
C 1.048263 2.805841 1.426686
C –5.907683 –2.424220 2.047401
C 0.929038 –2.467722 2.073639
C –2.859481 1.335343 2.433076
C –2.425487 2.794424 2.649655
C 5.148787 –0.799878 2.827164
C 3.880210 –0.213906 2.915278
C –1.708739 0.391712 2.787740
C 2.014385 –1.880239 2.972541
C 7.579631 –0.950860 3.512333
C –6.128744 –2.619999 3.527378
C 6.224136 –0.289639 3.564836
C –4.050723 1.016043 3.355230
C 2.983023 –3.009802 3.371070
C 3.689043 0.903808 3.739099
C 6.007756 0.833385 4.372395
C 4.749751 1.445295 4.472066
C 1.375563 –1.285934 4.239128
C 4.549006 2.659106 5.346569
H –5.117071 –2.573540 –6.280621
H –3.492220 –2.801338 –5.600842
H –6.840829 –1.239951 –4.950699
H –4.895478 –3.572741 –4.841261
H –2.137273 0.922544 –4.939367
H –7.847048 1.374090 –4.490490
H –0.794059 2.065688 –4.751319
H 3.728076 –1.146734 –4.397715
H 5.848468 1.721787 –4.095752
H –3.757960 2.662167 –4.063333
H 5.521211 3.449406 –3.913680
H 7.178903 2.840140 –3.748246
H –0.698531 0.459094 –3.990256
H –2.408000 3.799140 –3.875440
H –2.697105 –1.347324 –3.813894
H –8.366225 0.230450 –3.250548
H 1.518424 –0.449423 –3.866745
H 2.075038 –2.919608 –3.684153
H 4.386453 0.020011 –3.224087
H 4.899183 –1.685997 –3.176419
H –7.595884 1.764105 –2.778465
H –3.468615 3.444136 –2.488786
H –7.619238 –2.527633 –2.224567
H 3.260352 –3.487827 –2.494019
H –0.457935 3.314886 –2.587477
H –3.463646 –3.524609 –2.505187
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H 1.959116 0.651261 –2.550493
H –5.292037 1.673233 –2.192247
0.786012 –0.659304 –2.265288
H 3.773076 2.137645 –2.225604
H –1.244166 –2.171214 –2.301224
H 1.606255 –3.067030 –1.973988
H 7.975063 2.706234 –1.520672
H –4.610299 5.358865 –1.644051
H –2.648602 –4.935382 –1.785612
H –5.328001 –1.918153 –1.776608
H –0.153491 1.729512 –1.847564
H –0.608893 –3.743135 –1.790061
H –6.313365 5.643982 –1.235761
H –8.577811 –1.503621 –1.141493
H 8.839218 –1.825393 –1.144200
H –8.607722 –3.257704 –0.938184
H –4.143849 –4.315323 –1.058367
H 1.436372 3.214480 –1.314327
H –1.346164 2.842875 –1.128935
H 2.920707 4.188612 –1.153427
H 5.785672 –0.229093 –1.038296
H 8.140899 –0.252456 –0.707009
H –8.767387 1.341485 –0.551380
H –7.617415 3.795845 –0.514434
H –0.311333 –2.309761 –0.789013
H 1.406225 4.751788 –0.419248
H –5.044517 5.968380 –0.042741
H 5.044517 –5.968380 0.042741
H 3.351455 –3.614125 0.014212
H –3.351455 3.614125 –0.014212
H 8.767387 –1.341485 0.551380
H 7.617415 –3.795845 0.514434
H –8.140899 0.252456 0.707009
H 8.607722 3.257704 0.938184
H –1.406225 –4.751788 0.419248
H –8.839218 1.825393 1.144200
H 8.577811 1.503621 1.141493
H 6.313365 –5.643982 1.235761
H –5.785672 0.229093 1.038296
H 4.143849 4.315323 1.058367
H 0.311333 2.309761 0.789013
H –7.975063 –2.706234 1.520672
H –2.920707 –4.188612 1.153427
H –1.436372 –3.214480 1.314327
H 4.610299 –5.358865 1.644051
H 1.346164 –2.842875 1.128935
H 5.328001 1.918153 1.776608
H 2.648602 4.935382 1.785612
H 7.619238 2.527633 2.224567
H 0.608893 3.743135 1.790061
H –1.606255 3.067030 1.973988
H 0.153491 –1.729512 1.847564
H 5.292037 –1.673233 2.192247
H –3.773076 –2.137645 2.225604
H 1.244166 2.171214 2.301224
H 3.463646 3.524609 2.505187
H 7.595884 –1.764105 2.778465
H –0.786012 0.659304 2.265288
H –3.260352 3.487827 2.494019
H 3.468615 –3.444136 2.488786
H 0.457935 –3.314886 2.587477
H –1.959116 –0.651261 2.550493
H 8.366225 –0.230450 3.250548
H –4.899183 1.685997 3.176419
H –4.386453 –0.020011 3.224087
H –7.178903 –2.840140 3.748246
H –5.521211 –3.449406 3.913680
H –2.075038 2.919608 3.684153
H 2.408000 –3.799140 3.875440
H –5.848468 –1.721787 4.095752
H 2.697105 1.347324 3.813894
H –1.518424 0.449423 3.866745
H 7.847048 –1.374090 4.490490
H 3.757960 –2.662167 4.063333
H 0.698531 –0.459094 3.990256
H –3.728076 1.146734 4.397715
H 6.840829 1.239951 4.950699
H 4.895478 3.572741 4.841261
H 0.794059 –2.065688 4.751319
H 2.137273 –0.922544 4.939367
H 3.492220 2.801338 5.600842
H 5.117071 2.573540 6.280621
 
 

197 
Positive-ion Electrospray Mass  
Spectrometry, Fourier-Transform Infrared and Raman 
Spectroscopy, and Cyclic Voltammetry Data for  
[4-RC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4] 
  
198 Appendix
  
 
 
 
Figure 5. Positive ion ESI-MS for [10-NMe2][AlCl4]. 
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Figure 6. Positive ion ESI-MS for [10-Me][AlCl4]. 
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Figure 7. Positive ion ESI-MS for [10-H][AlCl4]. 
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Figure 8. Positive ion ESI-MS for [10-Br][AlCl4]. 
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Figure 9. Positive ion ESI-MS for [10-CN][AlCl4]. 
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Figure 10. Infrared spectroscopy data for [10-NMe2][AlCl4]. 
FT-IR (KBr, CDCl3): 2974.94, 2931.47, 2864.06, 1605.47 (s), 1585.8, 1556.47 (w), 1498.29 (s), 1436.27 
(s), 1415.4, 1391.29 (w), 1356.28 (s), 1324.19 (s), 1286.29 (w), 1250.97 (w), 1230.66 (w), 1179.29, 
1131.27 (w), 1064.22 (w), 1043.37 (w) cm–1. 
Under the experimental conditions used to measure the Raman spectrum, fluorescence from the sample 
prevented observation of the Raman scatter.  
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Figure 11. Infrared and Raman spectroscopy data for [10-Me][AlCl4]. 
FT-IR (KBr, CDCl3): 2976.22, 2932.66, 2865.36, 1602.47 (s), 1584.68, 1575.73, 1526.34 (s), 1507.30 (s), 
1477.33 (w), 1444.17, 1412.40, 1392.16, 1363.53, 1315.13, 1302.2 (w), 1285.3, 1260.69 (w), 1239.25 
(w), 1197.24 (w), 1174.89, 1146.84 (w) cm–1. 
Raman (λex = 785 nm, CDCl3): 1606.6 (w), 1575.56 (w), 1525.96, 1507.37, 1411.26, 1367.40 (s, br), 
1286.15, 1196.73, 1174.2 (s), 1147.15, 943.98 (w), 793.06 (w), 722.68 (w), 543.49 (w), 511.76 (w), 
489.63 (w) cm–1. 
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Figure 12. Infrared and Raman spectroscopy data for [10-Br][AlCl4]. 
FT-IR (KBr, CDCl3): 2976.36, 2933.01, 2865.51, 1601.47 (s), 1586.17 (s), 1572.47 (s), 1525.16 (s), 
1485.86, 1456.41 (w), 1400.75, 1392.44 (w), 1363.45 (s), 1305.53, 1286.07, 1239.76 (w), 1174.28, 
1164.88, 1146.5, 1070 cm–1. 
Raman (λex = 785 nm, CDCl3): 1586.47, 1572.44, 1524.74, 1400.32, 1366.59, 1285.65 (w), 1192.22 (s), 
1173.82 (s), 1146.17 (w), 1069.84, 943.81, 624.39, 543.07 (w), 489.6 (w) cm–1. 
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Figure 13. Infrared and Raman spectroscopy data for [10-CN][AlCl4]. 
FT-IR (KBr, CDCl3): 2976.78, 2952.44, 2933.41, 2866.39, 2232.2 (s) 1601.52 (s), 1584.82 (s), 1573.83 
(s), 1523.54 (s), 1476.38, 1456.43, 1446.87, 1409.52, 1392.49, 1380.1 (w), 1363.68 (s), 1311.01, 
1289.22, 1259.1 (w), 1239.68, 1163.8, 1146.95, 1113.34, 1042.89, 1017.95 (w) cm–1.  
Raman (λex = 785 nm, CDCl3): 2234.24 (w), 1603.51, 1523.58, 1409.97, 1360.88 (s), 1192.57 (w), 
1171.25 (s) cm–1. 
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Figure 14. Cyclic voltammogram of [10-NMe2][AlCl4] shown at a scan rate of 100 mV/s and temperature of 20 °C 
in 0.2 M [N(n-Bu)4][PF6]/THF. Potentials are given in reference to SCE. 
 
2 µA
1500 1000 500 0 -500 -1000 -1500 mV
ic
ia
 
Figure 15. Cyclic voltammogram of [10-Me][AlCl4] shown at a concentration of 5 mM, sweep rate of 100 mV/s, 
and temperature of 20 °C in 0.2 M [N(n-Bu)4][PF6]/THF. Potentials are given in reference to SCE. 
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Figure 16. Cyclic voltammogram of [10-Br][AlCl4] shown at a concentration of 5 mM, sweep rate of 100 mV/s, 
and temperature of 20 °C in 0.2 M [N(n-Bu)4][PF6]/THF. Potentials are given in reference to SCE. 
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Figure 17. Cyclic voltammogram of [10-CN][AlCl4] shown at a concentration of 5 mM, sweep rate of 100 mV/s, 
and temperature of 20 °C in 0.2 M [N(n-Bu)4][PF6]/THF. Potentials are given in reference to SCE. 
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Index of Compounds Prepared 
Mo(N[t-Bu]Ar)3, 1 177 
(μ-N2)[Mo(N[t-Bu]Ar)3]2, 2 43 
(μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4]2, 2[B(ArF)4]2 44 
(μ-N2)[Mo(N[t-Bu]Ar)3]2[B(ArF)4], 2[B(ArF)4] 45 
N≡Mo(N[t-Bu]Ar)3, 3 114 
[MeC(O)NMo(N[t-Bu]Ar)3][OTf], 4-Me[OTf] 116 
[PhC(O)NMo(N[t-Bu]Ar)3][OTf], 4-Ph[OTf] 114 
[t-BuC(O)NMo(N[t-Bu]Ar)3][OTf], 4-t-Bu[OTf] 114 
[4-MeOC6H4C(O)NMo(N[t-Bu]Ar)3][OTf] 116 
[MeOC(O)CH2CH2C(O)NMo(N[t-Bu]Ar)3][OTf] 116 
[Me2NC(O)NMo(N[t-Bu]Ar)3][OTf] 117 
Me3SiO(Me)CNMo(N[t-Bu]Ar)3, 5-Me 119 
Me3SiO(Ph)CNMo(N[t-Bu]Ar)3, 5-Ph 117 
Me3SiO(t-Bu)CNMo(N[t-Bu]Ar)3, 5-t-Bu 118 
Me3SiO(4-MeOC6H4)CNMo(N[t-Bu]Ar)3 119 
ClMo(N[t-Bu]Ar)3, 6 124 
[MeOCH2NMo(N[t-Bu]Ar)3][OTf], 7-H[OTf] 125 
[MeO(Me)CHNMo(N[t-Bu]Ar)3][OTf], 7-Me[OTf] 128 
[MeO(Ph)CHNMo(N[t-Bu]Ar)3][OTf], 7-Ph[OTf] 129 
MeO(H)CNMo(N[t-Bu]Ar)3, 8-H 127 
MeO(Me)CNMo(N[t-Bu]Ar)3, 8-Me 130 
MeO(Ph)CNMo(N[t-Bu]Ar)3, 8-Ph 129 
NCMo(N[t-Bu]Ar)3, 9, from 6 128 
NCMo(N[t-Bu]Ar)3, 9, from 8-H 127 
[4-BrC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-Br][AlCl4] 163 
[4-NCC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-CN][AlCl4] 164 
[PhC(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-H][AlCl4] 163 
[PhC(H)NNMo(N[t-Bu]Ar)3][OTf], [10-H][OTf] 166 
[PhC(H)NNMo(N[t-Bu]Ar)3][PF6], [10-H][PF6] 166 
[4-MeC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-Me][AlCl4] 162 
[4-Me2NC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-NMe2][AlCl4] 161 
[4-MeOC6H4C(H)NNMo(N[t-Bu]Ar)3][AlCl4], [10-OMe][AlCl4] 162 
μ-(PhC(H)NN)2[Mo(N[t-Bu]Ar)3]2, [10-H]2 164 
Li(OEt2)N[t-Bu]Ar 176 
MoCl3(THF)3 176 
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